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Preface

Over the past year, we have seen continuous rapid advancements made in the field of energy
harvesting and self-powered sensing technologies, enabling the realization of the Internet of Things
(IoT) and the Artificial Intelligence of Things (AloT) in various applications such as personalized
point-of-care networks, smart homes, unmanned shops, smart manufacturing, smart transportation,
digital twin, metaverse, etc. By contintuing with the 2nd edition of the Special Issue “Energy
Harvesters and Self-Powered Sensors for Smart Electronics”, we aim to include and showcase
new important progress in this field, as well as provide readers with unique insights into energy
harvesting mechanisms, materials, devices, circuits, and systems.

In this reprint, we compile nine research articles and one review article along with an Editorial
written by us. These high-quality articles from researchers across the world showcase the latest
advances in mechanical energy harvesters, radiofrequency energy harvesters, self-sustained IoT
sensors, power management, and functional systems in a broad range of IoT applications. Based
on ongoing progress, we can see two clear trends in this field: one is to continue increasing the device
performance with higher energy conversion efficiency, higher sensitivity, and better adaptability, and
the other is to integrate the system with more functionality and higher intelligence. From research
on commercialization in practical scenarios, good system reliability and robustness also need to be
considered and designed carefully.

In the end, we want to thank all the authors for their valuable contributions to this reprint,
without which it would not be possible for us to compile this reprint. We hope that the articles
included here are helpful and inspiring for readers who want to learn more about the research
advances and technical insights within the field. With continuous efforts and innovations, we believe
that more and more self-sustained devices and systems will soon enter, and play important roles in,

our daily lives, enabling more sustainable development within our society.

Qiongfeng Shi and Huicong Liu
Editors
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1. Introduction

With the worldwide rollout of the 5G communication network and 6G around the
corner, we have witnessed the rapid development of the Internet of Things (IoT) tech-
nology, enabling big data and digital transformation in various fields [1], e.g., remote
healthcare, intelligent body area network, smart farming, smart building, industry 4.0 and
smart transportation. The successful implementation and functionality of IoT networks
require support from an enormous number of interconnected sensor nodes for localized
and holistic information acquisition. The conventional power supplying strategy using
batteries possesses inevitable drawbacks of a limited lifespan, bulky /heavy characteristics,
environmental unfriendliness and difficulty in replacement, greatly hindering the sustain-
able development of IoT networks. In this regard, energy harvesting technologies that can
scavenge available energy (e.g., light, thermal, kinetic and radio frequency energy) from the
surroundings appear to be promising candidates in combination with batteries for sustain-
able power supply in the IoT era [2]. The widely adopted energy harvesting technologies
include piezoelectric, triboelectric and electromagnetic mechanisms for kinetic energy [3-5];
thermoelectric and pyroelectric mechanisms for thermal energy [6,7]; photovoltaic effect for
light energy [8]; and antenna rectification for radio waves [9]. In practical implementation,
energy harvesting devices can be configured into energy harvesters for continuous power
feeding or self-powered sensors for zero-powered sensing [10], both contributing to higher
sustainability in standalone IoT sensor nodes. The research field is currently focused on
achieving output performance improvement, efficient power management and compact
system integration via mechanism, material, structure and circuit innovation, paving the
way toward functional and self-sustainable IoT nodes and systems.

This Special Issue is the second edition of “Energy Harvesters and Self-Powered Sen-
sors for Smart Electronics”, and it showcases the continuous and important progress in
the field of energy harvesting and self-powered sensing. This edition contains 10 pub-
lished articles (9 research articles and 1 review article) that address the urgent demand of
sustainable power supply for IoT systems, aiming to further advance the field through
detailed explorations of device design, circuit optimization, strategy enhancement and
system integration.

2. Overview of the Published Articles

Our ambient surroundings contain abundant mechanical energy sources that are not
fully used in most circumstances, including vibrations, rotation, wind, water waves, rain-
drops and human motions. To efficiently harvest the mechanical energy in low-frequency
ranges, Li et al. (contribution 1) proposed a piezoelectric rotational energy harvester with
a dual-frequency up-conversion design. The energy harvester consists of multiple piezo-
electric beams that undergo high-frequency self-excitations for efficient power generation
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under the trigger of a multi-paddle slider. The testing results indicate that the designed
rotational energy harvester with three piezoelectric beams can produce an output power
and a power density of 5.392 mW and 4.02 pW/(cm® Hz), respectively, when driven by a
0.42 Hz rotational excitation. Meanwhile, Zhang et al. (contribution 2) presented a push—
pull diamagnetic levitation design for airflow energy harvesting using the electromagnetic
mechanism. To compensate for the rotor offset and ensure higher efficiency, the floating
rotor is configured with a symmetrical four-notch structure. The energy harvester is able
to generate a peak voltage of 2.709 V (40.80% improvement over a three-notch structure)
when subjected to a 3000 sccm airflow. The corresponding output power is 138.47 mW,
showing great potential in scavenging the ambient airflow energy.

Radio frequency (RF) electromagnetic waves are another common form of renewable
energy in the environment due to the widely deployed wireless communication networks.
Li et al. (contribution 3) proposed a fully on-chip solution for tunable voltage boosting
(TVB) to improve the acquisition performance of low-power RF signals. With the optimal
TVB design, the output voltage of the rectifier can be maintained at a high level of 1 V
across the new broad 5G radio frequency bandwidth from 3 to 6 GHz. Typically, an output
voltage and a peak power conversion of 1 V DC and 83% are achieved at 3 GHz when an
input power of —23 dBm is applied. Concurrently, the same group (contribution 4) further
developed a low-dropout regulator (LDO) across multi-voltage domains using the 180 nm
complementary metal oxide semiconductor (CMOS) technique for RF energy harvesting.
The as-fabricated chip exhibits a small area of only 0.149 mm?, although it is able to deliver
a large current of up to 400 mA. For the low-voltage domain, the LDO has a line regulation
of 1.85 mV/V and a load regulation of 0.0003 mV/mA. However, for the high-voltage
domain, these parameters increase to 3.53 mV/V and 0.079 mV/mA. The small form factor
and the low standby power consumption (174.5 uW) make the LDO an ideal candidate for
powering IoT nodes using an RF energy harvesting chip.

To enable self-sustained IoT remote traffic sensing, Dipon et al. (contribution 5)
presented a hybrid energy harvester that can simultaneously scavenge the mechanical
vibration from passing vehicles and the temperature gradient from the asphalt and the
soil underneath the road. The hybrid device consists of a stacked piezoelectric generator
and a thermoelectric generator with respective AC-DC and DC-DC signal converters to
regulate the generated outputs for battery recharging. The harvested energy from the dual
sources in the ambient surroundings is sufficient to drive the operation of a multi-sensing
system with wireless communication capability. A maximum communication range of
1 mile is obtained between the IoT node and the gateway in both laboratory tests and actual
road conditions, indicating the high efficiency and good performance of the hybrid energy
harvester in practical usage scenarios.

Due to the direct and converse piezoelectric effect, piezoelectric devices can be adopted
for both self-powered sensors and actuators in more diversified applications. Wang et al.
(contribution 6) reported a piezoelectric microelectromechanical system (MEMS) speaker
consisting of a main functional lead zirconate titanate (PZT) layer and a designed sup-
porting layer based on rigid—flexible coupling. Compared to its rigid counterpart, the
rigid—flexible coupling layer provides the speaker with a higher sound pressure level (SPL)
at low frequencies, e.g., a 4.1-20.1 dB improvement for 20 Hz to 4.2 kHz. In addition, the
speaker can also serve as a silent alarm in dangerous situations via the detection of oral
airflows, as it is able to recognize different words based on their induced signals with
unique features, and it is highly resistant to ambient interference.

The use of a cognitive radio (CR) composed of a transceiver for detecting and moving
into available communication channels is a common strategy in wireless communica-
tion. Devaraj et al. (contribution 7) presented a cluster-based cooperative spectrum sens-
ing (CBCSS) advanced algorithm with detailed investigations to improve the achievable
throughput in CR. The proposed CBCSS algorithm is demonstrated for 5G and beyond-5G
IoT networks, showing a better performance in achievable throughput, average cluster
number and energy than the currently adopted algorithms.
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In addition to the use of energy harvesters for sustainable output generation, power
management circuits from energy generation to storage are also indispensable for the
realization of high-efficiency self-powered IoT systems. Zhang et al. (contribution 8)
proposed the design and simulation of an LDO with an outstanding low dropout voltage
(100 mV) and quiescent current (nA level). To ensure high reliability and transient response,
adaptive power transistors and an adaptive bias are included in the design, and the
simulation results show good performance and broad adaptability for energy harvesting
systems. Then, Wu et al. (contribution 9) presented a boost converter circuit with only
one single inductor for managing the outputs from thermoelectric energy harvesters. A
two-stage startup circuit with a three-phase operation is adopted to obtain self-startup with
the single inductor. A maximum power point tracking (MPPT) strategy with coarse and
fine tuning is developed to achieve the most optimal energy extraction. The boost converter
is then simulated in a 180 nm CMOS process, and the results indicate that it can achieve
peak efficiency and a maximum power of 88% and 3.78 mW, respectively, after self-starting
at an input voltage of 128 mV.

For those who are seeking a broader overview and a more general understanding of
the power management strategies in energy harvesting, the review article by Lian et al.
(contribution 10) could be a good reference. The authors discuss the effective methods used
to extract energy from different energy harvesters, such as photovoltaic cells, thermoelectric
generators, piezoelectric generators and RF energy harvesters. Based on the distinct
characteristics of each type of energy harvester, actual implementation considerations and
applicable circuit designs are systematically summarized, together with their pros and
cons. In particular, MPPT as an effective strategy for system efficiency improvement is
highlighted and compared with other circuits in detail, echoing the work conducted by
Wau et al. Overall, the two promising directions for micro-energy harvesting are further
improving management efficiency via low-loss accurate control and reducing the circuit
size using capacitor-based solutions.

3. Conclusions

The articles published in this Special Issue present important advancements in energy
harvesting and self-powered sensing technologies, and the article compilation contributes
to broadening the domain knowledge in the field. Although numerous exciting achieve-
ments have been made, there are still some important aspects that need to be taken into
account when looking at future directions. First, in addition to the further performance
improvement of energy harvesting devices, their adaptability is also essential, as the im-
plementation environment can be complicated and unpredictable. For example, devices
designed with a single transducing mechanism may suffer from the fluctuation and intermit-
tentness of the energy source, resulting in insufficient output generation and functionality
failure. One feasible approach to enhance adaptability and mitigate this issue is a hybrid
generator design that combines two or more transducing mechanisms for harvesting energy
from multiple sources [11]. Second, the robustness and long-term reliability of devices
should be considered in practical usage scenarios in order to enable their survival when
applied in extreme environments, such as high-temperature, high-pressure and underwa-
ter environments. Careful material selection, structure design and proper encapsulation
should be performed prior to practical deployment [12]. Last but not least, improving
the intelligence of sensors and systems is necessary and a key enabler for various smart
applications [13-15]. The thriving of artificial intelligence (Al) technology offers a good
opportunity to integrate machine learning methodologies with IoT sensors and systems.
The fusion of IoT and Al technology leads to the emergence and flourishing of artificial
intelligence of things (AloT), which will no doubt conversely push the development of
IoT forward.

As a final note, we hope that the articles showcased in this Special Issue are interesting
and inspiring for readers who want to learn about the recent progress and conduct new
research in the field. With further advancements addressing the above aspects, we also hope
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Abstract: Due to their lack of pollution and long replacement cycles, piezoelectric energy harvesters
have gained increasing attention as emerging power generation devices. However, achieving effective
energy harvesting in ultra-low-frequency (<1 Hz) rotational environments remains a challenge. There-
fore, a novel rotational energy harvester (REH) with a double-frequency up-conversion mechanism
was proposed in this study. It consisted of a hollow cylindrical shell with multiple piezoelectric beams
and a ring-shaped slider with multiple paddles. During operation, the relative rotation between
the slider and the shell induced the paddles on the slider to strike the piezoelectric beams inside
the shell, thereby causing the piezoelectric beams to undergo self-excited oscillation and converting
mechanical energy into electrical energy through the piezoelectric effect. Additionally, by adjusting
the number of paddles and piezoelectric beams, the frequency of the piezoelectric beam struck by
the paddles within one rotation cycle could be increased, further enhancing the output performance
of the REH. To validate the output performance of the proposed REH, a prototype was fabricated,
and the relationship between the device’s output performance and parameters such as the number
of paddles, system rotation speed, and device installation eccentricity was studied. The results
showed that the designed REH achieved a single piezoelectric beam output power of up to 2.268 mW,
while the REH with three piezoelectric beams reached an output power of 5.392 mW, with a high
power density of 4.02 uW /(cm? Hz) under a rotational excitation of 0.42 Hz, demonstrating excellent
energy-harvesting characteristics.

Keywords: piezoelectric; energy harvesting; rotational; ultra-low frequency

1. Introduction

With the widespread adoption of 5G networks and the rapid development of Internet
of Things (IoT) technologies, numerous electronic devices have been applied in various
corners of the world. However, the increasing demand for power supply among these
electronic devices poses a challenging problem. Traditional battery-powered solutions for
electronic devices working in complex and harsh environments, such as various sensors,
suffer from issues like short lifespans, high replacement costs, and environmental pollution
after disposal. Therefore, there is an urgent need for a new type of power device that
can provide a long-term energy supply. Energy harvesters, as emerging energy supply
devices, leverage various mechanisms, such as piezoelectric [1-3], electromagnetic [4,5],
triboelectric [6,7], and photovoltaic [8,9] effects, to convert mechanical energy, wind en-
ergy, solar energy, and other forms of ambient energy into electrical energy for external
output. Among them, piezoelectric energy harvesters [10-12] have been employed in
widespread applications due to their simple structure [13,14], long lifespan [15,16], and
high adaptability [17-19] to environmental conditions. These devices operate by utilizing
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the mechanical energy obtained from the external environment to induce deformation in
the internal piezoelectric material. Subsequently, the piezoelectric effect of the material
is harnessed to convert the collected mechanical energy into electrical energy and output
it externally. Depending on the type of motion in the application environment, such as
vibration [20,21], oscillation [22,23], and rotation [24,25], piezoelectric energy harvesters can
be classified as vibration energy harvesters [26,27] and rotational energy harvesters [28-30].
Extensive progress has been made in the research on vibration-based energy harvesters.
Meanwhile, although it lags behind research into vibration-based energy harvesters, in
order to meet the growing demand for energy conversion and utilization, research in the
field of rotation-based energy harvesters is also rapidly advancing.

In the field of piezoelectric rotational energy harvesters (REHs), three types can be
identified based on the mode of forced deformation of the piezoelectric material: magnetic-
driven [31,32], gravity-driven [33,34], and mechanical-plucking-driven [35-37] REHs. For
instance, in the work by Zou et al. [38], researchers employed a disc rotating around the
center with magnets placed on its circumference as the rotor, while a bridge-like structure
containing piezoelectric material and magnets was fixed around the disc as the stator.
During the operation of the REH, as the magnets on the rotor approached the magnets
on the stator, the bridge-like structure deformed under magnetic forces, thereby inducing
compression and tension on the internal piezoelectric material for energy conversion.
However, the use of magnetic-driven REHs is limited when the application environment is
sensitive to magnetic fields. Conversely, REHs that utilize gravity for external excitation
to generate the output can effectively avoid this issue. In the work by Guan et al. [39],
researchers fixed one end of the piezoelectric beam on the rotor, while another end had a
mass block attached, with the center of gravity aligned with the rotation center. During
the rotation of the REH, the periodic deformation of the piezoelectric beam was driven by
the gravitational force, converting mechanical energy into electrical energy. The results
demonstrated that the REH achieved a power density of 0.81 pW/ (cm? Hz) at an excitation
frequency of 0.79 Hz. However, due to the gravitational excitation period matching the
system’s rotational period, the output performance of the REH was limited in ultra-low-
frequency rotational environments. In contrast, the mechanical-plucking approach often
allows the piezoelectric beam to undergo self-excited oscillation at its inherent frequency
after being mechanically plucked, thereby enhancing the output capability of the REH
in low-frequency rotational environments. In the work by Fang et al. [40], researchers
designed a rotating energy harvester composed of a cylindrical rotor with multiple plucking
elements and a stator with multiple piezoelectric beams. Similar to the mechanism of
a music box, when the REH was in operation, the motion of the rotor at the rotation
center triggered the plucking elements to strike the piezoelectric beams, inducing self-
excited oscillation for energy conversion. However, this fixed-rotor or stator arrangement
necessitated mounting one of them at the rotation center. In certain rotational environments
where the installation of external mechanisms is impractical due to structural constraints
(e.g., car wheels) or where the devices requiring powering are located far from the rotation
center, the application of such REHs is limited. To address such issues, in our previous
work [41], we designed and fabricated an REH that utilized liquid as the energy-capturing
medium. The proposed REH included a piezoelectric beam with a flow resistance plate,
a cylindrical shell, and a liquid. The fluid’s flow characteristics enabled it to impact the
piezoelectric beam at low rotational speeds and act as a mass block at high rotational speeds,
inducing the periodic deformation of the internal piezoelectric material and generating
an electric output based on the piezoelectric effect. The results demonstrated that the
REH achieved a power density of 0.23 pW/(cm? Hz) at an excitation frequency of 1.25
Hz. However, this was still insufficient for effectively powering devices with higher
energy demands. In conclusion, although significant progress has been made in the
research on rotational energy harvesters, achieving higher power outputs in low-frequency
rotational environments (<1 Hz), such as wind turbines and hydro turbines [13,41], remains
a challenging issue to be addressed.
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In this study, we proposed a novel ultra-low-frequency rotational energy harvester
based on a double-frequency up-conversion mechanism. The harvester consisted of a
cylindrical shell internally equipped with multiple piezoelectric beams and a slider with
multiple paddles attached. During the movement of the rotational energy harvester (REH)
along with the rotating system, a relative rotation occurred between the slider and the
shell due to the influence of gravity, resulting in the activation of the paddles to strike the
piezoelectric beams, inducing the self-excited oscillation of the beams (the first frequency
up-conversion) and enabling the conversion of mechanical energy into electrical energy
through the utilization of the piezoelectric effect. Simultaneously, by appropriately increas-
ing the number of paddles on the slider and the number of internal piezoelectric beams in
the REH, a significant enhancement in the collision frequency between the paddles and
piezoelectric beams within one rotation cycle could be achieved (the second frequency
up-conversion), thereby further improving the output performance of the REH. During
the experiment, the proposed REH achieved an external output power of 5.392 mW and a
power density of 4.02 uW/(cm3 Hz) under a rotational excitation of 0.42 Hz. Additionally,
the proposed design of the REH allowed for the retention of the relative motion between
the internal slider and shell even when the REH was eccentrically installed away from the
rotational center of the system. Therefore, under the conditions of eccentric installation, the
REH remained capable of harvesting rotational energy. The paper is organized as follows:
Section 2 discusses the working principle of the proposed energy harvester. Section 3
presents the fabrication process and experimental setup. Section 4 provides a detailed
analysis of the results and includes a comprehensive discussion. Finally, Section 5 presents
the meaningful conclusions drawn from the findings.

2. Working Principle of Proposed REH

As shown in Figure 1a, the proposed REH consisted of a cylindrical shell and a slider
with paddles. Inside the cylindrical shell, there was a clamping platform designed to
hold the piezoelectric beams. As shown in Figure 1b, the proposed REH was installed
in the rotational system and rotated together with the system. Figure 1c illustrates the
relative motion between the internal slider and the shell of the REH during this process.
Simultaneously, we captured the open-circuit voltage waveform output by the REH within
one rotation cycle using an oscilloscope, as shown in Figure 1d. Combining Figure 1c,d, it
can be observed that the complete output process of the device in each rotation cycle con-
sisted of three stages. The first stage occurred when the slider approached the piezoelectric
beams, at which point the piezoelectric beams had no external output. The second stage
was the contact between the paddles and the piezoelectric beams, where the piezoelectric
beams rapidly reached their maximum deformation under the pushing force exerted by the
paddles on the slider. Subsequently, the process entered the third stage, where the paddles
detached from the piezoelectric beams, and the piezoelectric beams underwent self-excited
oscillation with their inherent frequency (the first frequency up-conversion). It was in this
stage that the mechanical energy was converted into electrical energy by the piezoelectric
effect [42]. However, in an ultra-low-frequency rotational environment (<1 Hz), there is
a long idle period between collisions due to the longer rotation period, during which the
piezoelectric beam remains idle and does not generate an output. This phenomenon was
also confirmed by the waveform of the output voltage obtained from the experiments, as
shown in Figure 1d, which demonstrated a long interval between adjacent waveforms,
indicating the significant proportion of the collision process taken up by the idle stage. This
was caused by the longer rotation period at low frequencies and had a negative impact on
the output performance of the REH.
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Figure 1. Operating principle of the REH: (a) composition of the REH; (b) REH in the rotating system;
(c) operating principle of the REH; (d) open—circuit voltage waveform of the REH (system rotation
speed w = 30 rpm, number of paddles 1 = 1, number of piezoelectric beams k = 1).

Therefore, in order to enhance the output performance of the proposed REH, our
goal was to minimize the proportion of the “idle stage” during the operation of the REH.
We proposed a feasible solution to achieve a reduction in the “idle stage” by increasing
the number of paddles attached to the slider, thereby increasing the frequency of the
piezoelectric beams being actuated within one rotation cycle. Additionally, by increasing
the number of piezoelectric beams inside the REH, the number of times the beams were
actuated within one rotation cycle could also be increased. Therefore, when the REH
contained k piezo beams and n paddles, the number of external outputs per rotation cycle
reached k x n (the second frequency up-conversion), as shown in Figure 2a (for example,
when n =5 and k = 3, the REH obtained is shown in Figure 2b).

In order to validate the feasibility of the design concept, we conducted preliminary
experiments using an REH equipped with a single piezoelectric beam. The REH-4 (an
REH with four attached paddles, n = 4) was employed for testing, and the obtained
waveforms are depicted in Figure 3a. Under the same rotational speed (30 rpm), as the
number of paddles increased, the time interval between adjacent waveforms decreased.
This indicated a higher proportion of effective working time for the REH within an ultra-
low-frequency rotational environment. Therefore, increasing the number of paddles was a
feasible approach to enhance the output performance of the proposed REH. Additionally,
we tested the output waveforms of the device with different numbers of paddles and higher
system rotational speeds, as shown in Figure 3b,c. From the figures, it can be observed
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that interference occurred between adjacent waveforms when the number of paddles or
rotational speed exceeded a certain threshold. The impact of this interference on the REH's
performance was further investigated in subsequent experiments.

n=s
piezoelectric beam k=3
paddle

shell

No. of outputs per revolution : k + n No. of outputs per revolution : 3+ 5 = 15

(@) (b)

Figure 2. Prototype of the proposed REH (the numbers in the red labels correspond to the paddle
indices, while the numbers in the blue labels correspond to the piezoelectric beam indices): (a) pro-

posed energy harvester concept; (b) schematic drawing of the proposed REH (number of piezoelectric
beams k = 3, number of paddles n = 5).
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Figure 3. Open—circuit voltage waveforms of the REH at various rotational speeds and numbers
of paddles (number of piezoelectric beams k = 1, the numbers in the red labels correspond to the
paddle indices, while the numbers in the blue labels correspond to the piezoelectric beam indices.):
(a) system rotation speed w = 30 rpm, number of paddles n = 4; (b) system rotation speed w =40 rpm,
number of paddles 1 = 4; (c) system rotation speed w = 55 rpm, number of paddles n = 12.
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To further understand the working mechanism of the proposed REH, we needed to
perform a dynamic analysis of its motion process. However, a similar dynamic model
was established in our previous work [41], so we only provide a brief introduction to the
establishment of the dynamic model in this paper.

Prior to the dynamic analysis, we simplified the model. Firstly, since the collision
between the paddles and the piezoelectric beams was an instantaneous loading and un-
loading process, which depended on factors such as the mass of the slider and the motion
state of the rotational system, it was a complex action process. Therefore, the influence of
this process on the theoretical modeling was not considered temporarily in the dynamic
analysis. Secondly, because the motion states of different parts of the slider were relatively
consistent during its movement, and the shape of the slider had a minor impact on the
motion process, the dynamic analysis could adopt a point mass to represent the slider, with
the position of the point mass coinciding with the center of mass of the slider. On this basis,
kinetic parameters were introduced into the system. As shown in Figure 4, the proposed
REH was installed on a rotational system with angular velocity w and an eccentricity
distance of [y (the distance from the center of the rotation system (point O) to the center of
the cylindrical shell (point A)). A relative coordinate system XAY was established inside the
REH, and the relevant parameters are labeled accordingly. Meanwhile, specific definitions
of the parameters are provided in Table 1.

Table 1. Relevant parameters in Figure 4.

Symbols Meaning
w System angular velocity
t System motion time
Io Installation eccentricity of the REH
I Eccentricity of the slider’s centroid
a Acceleration of the slider relative to the shell
g Gravitational acceleration
0 Angular displacement of the centroid relative to the center of the shell
01 Angular displacement of the centroid relative to the center of rotation
92 0 — 91
Fn Support force from shell
Fc Centrifugal force of slider
m Mass of slider
R Radius of the cylindrical shell
r Distance from the centroid of the slider to the bottom of the shell
Fy Coriolis force of slider
F r Frictional force

Building upon this foundation, we employed the same modeling approach as in our
previous work [41] to obtain the final results from the dynamic analysis.

In the relative coordinate system (XY) with the origin located at the center (point A) of
the cylindrical shell and synchronized with the rotational system, the dynamic equation for
the slider could be obtained through the analysis of the motion process as follows:

mO(R — r) = mgsin(wt — 0) — F.sinfy — (mw21c0562 + mgcos(wt — 0) + 2mwv> 1)

where yi is the friction coefficient. Meanwhile, the relationship between 6 and 6, could be
expressed as

0 =sin! (%Sin@z) + 6, 2)

11
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(b)

Figure 4. Dynamic model illustration of the REH operation process: (a) dimensional parameters of

the system; (b) dynamic parameters of the system.

Based on Equations (1) and (2), the variation in the relative angular displacement
between the center of mass of the slider and the shell with time could be obtained. Sub-
sequently, the MATLAB Simulink module could be used to simulate the variation in the
relative angular displacement with time. The simulation results are shown in Figure 5.
Under low-speed conditions (taking the system speed as 30 rpm, [y = 120 mm, R = 53 mm,
and r = 20 mm), the angular displacement 0 of the slider increased with time, while the

12
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angular velocity 0 of the slider remained nearly constant during the rotation of the system.
This phenomenon was also verified in practical experiments. Based on the analysis above,
we could draw the conclusion that at lower system rotation speeds (<1 Hz), the relative
rotational speed between the slider and the shell remained stable and numerically equal to
the system’s rotation speed. This result was also verified in subsequent experiments, as
depicted by the waveforms in Figure 3.

1080

900 .

720

0(°)

540

360

180

Time (s)

Figure 5. Displacement of the slider with time in angular motion.

3. Fabrication and Experimental Setup

In order to verify the feasibility of the proposed REH for effective energy harvesting
in low-speed environments, a prototype was fabricated as shown in Figure 6b. It consisted
of a hollow cylindrical shell and an internally hollow cylindrical slider, with the internal
structure depicted in Figure 6a. Within the cylindrical shell, three holding platforms with
an angular spacing of 120° were designed. Piezoelectric beams were installed on these
platforms using fixtures and fasteners, allowing for adjustable displacement along the
arrangement direction of the through holes on the platforms. As for the cylindrical slider,
it featured four wheel shafts with an angular spacing of 90° on the outer side, along
with four sets of bearings to reduce the frictional force between the slider and the shell.
Simultaneously, the inner side of the slider contained 24 slots with an angular spacing of
15°, and six cavities with an angular spacing of 60° were designed within the slider using
partition plates. The slots were utilized for mounting paddles. At the same time, the bottom
of each paddle was designed in a cylindrical shape to match the array of through holes
at the bottom of the slots, thereby adjusting the distance between the top of the paddle
and the center of the shell. The number of paddles and the angular spacing between them
could be adjusted by matching the slots with the paddles. Furthermore, the cavities were
used to accommodate weights, ensuring that the mass center of the slider was positioned
at the lower end, thus guaranteeing the stability of relative motion between the slider and
the shell. The mass of the weights is represented as G.

The shell, slider, and paddles were all produced via 3D-printing technology, utiliz-
ing UV-curable resin material (SOMOS Imagine 8000, Royal DSM Group, Heerlen, the
Netherlands). The cylindrical shell had a diameter of 231 mm, a height of 76 mm, and an
inner-wall thickness of 2 mm. The piezoelectric cantilever beam (PZT 5] S118-J1SS-1808YB)
in the device was produced by Mide Technology Company in the United States,, with
detailed parameters provided in Table 2. The outer dimensions of the slider were a 217 mm
diameter, 150 mm inner diameter, 65 mm axial thickness, and a wall thickness of 2 mm.
The profile dimensions of the paddles were 65 mm x 50 mm x 2 mm.

13
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Figure 6. Prototype of the REH used in the experiments: (a) internal structure of the REH; (b) physical

prototype of the proposed REH.

Table 2. Parameters of the beam structure and piezoelectric elements (PZT 5] S230-J1FR-1808XB,
Made Technology Co., Woburn, MA, USA).

Parameter Value
Length of beam 55.3 mm
Width of beam 23.3 mm

Thickness of beam 0.46 mm
Length of PZT 5] 46 mm
Width of PZT 5] 20.8 mm

Thickness of PZT 5] 0.15 mm
Resonant frequency 130 Hz
Spring constant 0.25 N/mm

To test the performance of the REH, a comprehensive testing system was established,
as shown in Figure 7. The rotational excitation was provided by a servo motor, with the
rotational speed controlled by a controller. The REH was installed on an acrylic disc with a
diameter of 1200 mm, and the eccentricity distance of the REH was adjusted through an
array of small holes on the disc. One REH and one counterweight were mounted on the left
and right sides of the disc, respectively, and balanced using the lever principle to ensure the
stable rotation of the entire system. The output (Vrms) of the piezoelectric beams inside the
REH was measured and recorded by connecting wires through a slip ring to an oscilloscope
(Keysight DSO-X 2024A, Keysight Technologies, Santa Rosa, CA, USA).

14
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Figure 7. Experimental testing system for the REH.

4. Results and Discussion

To investigate the feasibility of enhancing the output performance of a rotational
energy harvester (REH) in ultra-low-frequency rotating environments by increasing the
number of paddles, we tested the output characteristics of an REH with a piezoelectric
beam under the experimental conditions of a system speed of 25 rpm and eccentricity
distance of 160 mm. The Vrms (root mean square of voltage) results are shown in Figure 8.
It can be observed that as the number of paddles increased from 1 to 8, the effective output
voltage of the REH rapidly rose from 4.25 V to 11 V. However, as the number of paddles
further increased, the rising trend weakened. The open-circuit voltages obtained for 12 and
24 paddles were 11.8 V and 12.4 V, respectively. These represent only a 7.3% and 12.7%
increment compared to REH-8, despite having 1.5 and 3 times more paddles, respectively.
This phenomenon could be attributed to the decreasing time interval for the piezoelectric
beam to be actuated as the number of paddles increased. This was manifested in the output
waveform shown in Figure 3¢, where with an increasing number of paddles, an overlap
between adjacent output waveforms became apparent. This led to energy loss, thereby
limiting the improvement in the REH’s output performance.
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Figure 8. Variation in open-circuit voltage according to the number of paddles (system rotation speed
w =25 rpm).
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To further validate the relationship between the number of paddles and the output
performance, we studied the variation in power with the number of paddles at the optimal
load for the REH. First, under the experimental conditions of a system speed of 25 rpm and
an eccentricity distance of 160 mm, we tested the optimal load characteristics of an REH
with 2, 4, and 8 paddles. As shown in Figure 9, the optimal load (R) values for all three
configurations were around 18 k(), indicating that the number of paddles did not alter the
optimal load of the device.

1.6 T T T T T T T T
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REH-n
1.4 == REH-2
[ —O—REH4 __»18kQ 7]
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Figure 9. Output power of the REH as a function of load under different paddle numbers (system
rotation speed w = 25 rpm).

Based on this, we proceeded to test the output power of the REH with different
numbers of paddles at the optimal load. Figure 10 illustrates that as the number of paddles
increased from 1 to 8, the Prys (root mean square of power) of the REH at the optimal
load rose rapidly from 0.153 mW to 1.206 mW, reaching 7.9 times the initial output value.
However, as the number of paddles further increased, the rising trend weakened. The
output powers obtained for 12 and 24 paddles were 1.313 mW and 1.514 mW, respectively,
representing only an 8.9% and 25.5% increment compared to REH-8. This changing trend
was similar to the voltage variation trend shown in Figure 8, and the underlying reason
was the same, thus avoiding repetition.
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Figure 10. Variation in output power according to the number of paddles (system speed w = 25 rpm).
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From the aforementioned experimental results, it is evident that the number of paddles
had a significant impact on the output performance of the REH in the range of 1 to 8. To
further validate this output characteristic, we investigated the effects of parameters such as
rotational speed and eccentricity distance on the REH output performance while varying
the number of paddles.

To explore the influence of the rotational speed on the REH output performance, we
initially studied the optimal load characteristics of the REH at different speeds. Taking
REH-8 as the test specimen, we performed measurements of the optimal load under four
different speeds (5 rpm, 15 rpm, 25 rpm, and 35 rpm) when the eccentricity distance was
set at 160 mm. The results shown in Figure 11 indicate that the optimal load values for the
device remained around 19 k() for 5 rpm and 15 rpm conditions, while for 25 rpm and
35 rpm conditions, the optimal load values were around 18 k(). Thus, at lower rotational
speeds, the REH's optimal load remained between 18 k() and 19 k().
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Figure 11. Output power of the REH as a function of load under different rotational speeds (number
of paddles n = 8).

Based on this, we conducted tests on the optimal output of the device at different
speeds. Figure 12 demonstrates that as the speed increased, the REH's output power at the
optimal load continued to rise. As the speed increased from 5 rpm to 40 rpm, the REH’s
output power increased from 0.246 mW to 1.402 mW, representing a 5.7-fold increment.
However, as the speed further increased, the upward trend in output power weakened. At
a speed of 50 rpm, the output power of the device was 1.461 mW, which was only a 4.2%
increase compared to the output at 40 rpm. The possible cause for this trend could have
been that as the system rotation speed increased, the frequency at which the piezoelectric
beams were struck also increased, leading to mutual interference between adjacent strikes.
This ultimately resulted in a decrease in the rising trend of the device’s output power, as
demonstrated in the waveform shown in Figure 3c.

Additionally, we investigated the relationship between the output performance of the
REH and the number of paddles under different rotation speeds and eccentricity conditions,
and the experimental results are shown in Figures 13 and 14. As shown in Figure 13, at
different rotation speeds, the output power of the REH under the optimal load increased
with an increasing number of paddles. Among them, REH-8 achieved a maximum power
output of 1.296 mW at a speed of 35 rpm. Similarly, as shown in Figure 14, under different
eccentricity conditions, the device’s output power also increased with an increasing number
of paddles. Therefore, within a certain range of values, variations in rotation speed and
eccentricity did not significantly affect the improvement in output performance due to the
number of paddles.
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Hence, we concluded that increasing the number of paddles was a feasible approach to
enhancing the output performance of the REH. Furthermore, to further improve the output
performance, we employed an array structure to increase the number of piezoelectric beams
inside the REH. Figure 15a,b present schematic diagrams of the REH structure with n =2
and n = 3, respectively. Simultaneously, to obtain the Prys of a multi-piezoelectric-beam
REH, we sequentially measured the output voltage of each individual piezoelectric beam
and calculated the output power (as shown in Figure 15¢,d); then, we summed the power of
each piezoelectric beam to obtain the total output power of the REH (Pryms = Zi:l \%(X, Vg
represents the effective voltage across the optimal load (R)). However, frequent collisions
could potentially result in a loss of kinetic energy for the slider, which might have un-
dermined the effectiveness of individual impacts and subsequently impacted the output
performance of the REH. As the kinetic energy of the slider was directly proportional to its
mass when the velocity was constant, we investigated the impact of the mass block mass
(G) on the output performance of the REH (system rotation speed w = 30 rpm, number
of paddles n = 8, number of piezoelectric beams k = 1), as depicted in Figure 16. When
G <100 g, the paddles within the REH were unable to drive the piezoelectric beams into
self-excited oscillations during its operational process. As a result, the slider and the shell
remained relatively stationary during system rotation, leading to minimal external output
from the REH. At G =200 g, the paddles were able to induce self-excited oscillations in
the piezoelectric beams, generating external output. However, as G was further increased
(>200 g), the REH’s output did not exhibit a growth trend (Vrms = (9.6 £ 0.5) V). This
indicates that once the mass block mass was sufficient to initiate self-excited oscillations in
the piezoelectric beams, the impact of G on the REH’s output became relatively minor.

= ” - k=3
k=2 piezoelectric piezoelectric

beam 2 - = beam 2
piezoelectric
beam 3
piezoelectric
piezoelectric beam 1
beam 1
(a) (b)

n= ’ = : =
i T —] A" 00:::C3

Oscilloscope

REH
optimal load (R)

(©) ()

Figure 15. Multi-piezoelectric-beam REH model and output testing method: (a) the REH with
an internal piezoelectric beam count of k = 2; (b) the REH with an internal piezoelectric beam
count of k = 3; (c) the measurement of V for piezoelectric beam 1; (d) the measurement of Vy for
piezoelectric beam 2.
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Figure 16. Variation in open-circuit voltage according to the mass block mass (system rotation speed
w = 30 rpm, number of paddles n = 8, number of piezoelectric beams k = 1).

Hence, we investigated the output characteristics of the REH with different numbers
of piezoelectric beams when the mass of the quality block was sufficiently large (G = 500 g),
as shown in Figure 17. For k = 1, the output power of the REH increased with an increasing
number of paddles, reaching a maximum power output of 0.898 mW for REH-8. For k = 2,
the REH achieved an output power of 3.052 mW under the same external conditions. With
k =3, the REH achieved an output power of 5.392 mW, with the highest output of an
individual beam reaching 2.268 mW. This was achieved by adjusting the relative distance
between the top of the piezoelectric beam and the top of the paddle, thereby increasing the
contact area during the collision and enhancing the effectiveness of the impact between the
paddle and the piezoelectric beam. Thus, it could be concluded that the proposed method
of incorporating an array of piezoelectric beams into the REH was feasible for enhancing
its output performance.

6 T T T T

No. of piezoelectric beams (k)
5 —o— k=1

—0— k=2
—4— k=3

0 " " 1 " 1 " 1 " 1 " 1 " 1 " 1

0 1 2 3 4 5 6 7 8 9

Number of paddles

Figure 17. Output power of the REH as a function of the number of paddles under different numbers
of piezoelectric beams (system rotation speed w = 25 rpm).

To evaluate the performance superiority of the designed REH, we compared it with
existing energy harvesters, as shown in Table 3. The proposed REH achieved a maximum
output power of 5.392 mW, demonstrating a significant advantage in output performance
compared to other energy harvesters. Additionally, the maximum power density of the
proposed REH reached 4.02 uW /(cm? Hz), indicating substantial improvement in output
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performance compared to the device in our previous work [41], which had a power density
of 0.23 uW/(cm? Hz).

Table 3. A comparison of the proposed REH and typical REHs at a low rotational speed.

Reference Number of Frequency (Hz) Power Volume ? Power Density

Piezoelectric Beams (LW) (cm?) (uUW/(cm® Hz)
[29] 1 3 2342 990 0.79
[39] 2 0.79 106 130.8 0.81
[43] 12 3.3 613 454 2.28
[41] 1 1.25 141 456.2 0.23
This work 1 0.42 2268 3185.1 1.69
This work 3 0.42 5392 3185.1 4.02

¢ Space demanded by the energy harvester during motion.

5. Conclusions

In this paper, a novel ultra-low-frequency rotational energy harvester based on a
double-frequency up-conversion mechanism was proposed, enabling the efficient har-
vesting of rotational energy in ultra-low-frequency rotational environments (<1 Hz) and
demonstrating satisfactory output performance. The proposed rotational energy harvester
(REH) consisted of a cylindrical shell with an array of piezoelectric beams and a slider with
multiple paddles. During operation, the relative motion between the slider and the shell
caused the paddles to periodically strike the piezoelectric beams, inducing self-excited
oscillation in the beams (the first frequency up-conversion) and converting mechanical
energy into electrical energy through the piezoelectric effect. Additionally, by increas-
ing the number of paddles on the slider and the piezoelectric beams inside the REH, the
frequency at which the beams were struck during one rotation cycle could be further
increased (the second frequency up-conversion), enhancing the output performance of the
REH. Experimental investigations were conducted to study the relationship between the
output performance of the proposed REH and parameters such as the number of paddles
and the system rotation speed. The data showed that under low-frequency rotation and
low-eccentricity conditions, the output performance of the proposed REH could be im-
proved by increasing the number of paddles and the system rotation speed. Furthermore,
to further enhance the output performance of the REH, an array of piezoelectric beams was
introduced inside the shell, and the output performance of the REH with different numbers
of piezoelectric beams was tested. The experimental results revealed that the maximum
output power of an individual piezoelectric beam reached 2.268 mW, while the REH with
three piezoelectric beams achieved an output power of 5.392 mW, with a power density
of 4.02 uW/(cm® Hz) under a rotational excitation of 0.42 Hz, exhibiting better output
performance compared to similar REHs.

It is worth noting that the main purpose of this study was to demonstrate the advan-
tages of the proposed REH structural design based on a double-frequency up-conversion
mechanism in terms of performance enhancement. However, in order to further enhance
and evaluate the output performance of the proposed REH, the optimization of the REH
design parameters (such as the number of piezoelectric beams, the number of paddles,
the eccentricity, and the slider mass) should also be investigated. Furthermore, practical
application-related performance testing and the design of energy management circuits
must be considered. These issues will be addressed in our future research.
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Abstract: This paper presents an improved solution for the airflow energy harvester based on the
push—pull diamagnetic levitation structure. A four-notch rotor is adopted to eliminate the offset of
the floating rotor and substantially increase the energy conversion rate. The new rotor is a centrally
symmetrical-shaped magnet, which ensures that it is not subjected to cyclically varying unbalanced
radial forces, thus avoiding the rotor’s offset. Considering the output voltage and power of several
types of rotors, the four-notch rotor was found to be optimal. Furthermore, with the four-notch rotor,
the overall average increase in axial magnetic spring stiffness is 9.666% and the average increase
in maximum monostable levitation space is 1.67%, but the horizontal recovery force is reduced by
3.97%. The experimental results show that at an airflow rate of 3000 sccm, the peak voltage and
rotation speed of the four-notch rotor are 2.709 V and 21,367 rpm, respectively, which are 40.80% and
5.99% higher compared to the three-notch rotor. The experimental results were consistent with the
analytical simulation. Based on the improvement, the energy conversion factor of the airflow energy
harvester increased to 0.127 mV /rpm, the output power increased to 138.47 mW and the energy
conversion rate increased to 58.14%, while the trend of the levitation characteristics also matched
the simulation results. In summary, the solution proposed in this paper significantly improves the
performance of the airflow energy harvester.

Keywords: push—-pull diamagnetic structure; energy harvester; energy conversion rate; electromagnetic

1. Introduction

With the rapid development of wireless sensor networks [1], microelectromechanical
systems [2], and the Internet of Things [3], more and more demands are being placed on
portable power supplies. Traditional chemical batteries cannot provide a long-term and
stable power supply [4] due to their low energy density, inability to be recycled, and envi-
ronmental hazards [5]. The collection of energy from the environment and its conversion
into electrical energy for use in electronic devices has been the subject of much research
to meet the power requirements of these devices [6]. Energy harvesting technologies
involve conversion mechanisms such as electromagnetic [7,8], triboelectric [9,10], elec-
trostatic [11,12], magnetostrictive [13,14], thermoelectric [15,16], piezoelectric [17,18] and
photovoltaic [19,20]. Energy harvesters typically use one or more conversion mechanisms to
convert energy from nature: tides, vibrations, air currents, heat, etc., into electrical energy.

Airflow is a kind of widespread source of clean energy in nature, and it has many
sources and the widest range of applications. Xin et al. [21] propose a two-dimensional
airflow energy harvester that collects vibrational energy from the airflow in all directions
via cantilever beams and piezoelectric tubes, achieving an output power of 0.353-0.495 mW
at wind speeds of 8 m/s. Wang et al. [22] proposed a non-contact piezoelectric wind energy
harvesting device to harvest wind-excited vibration energy with an adjustable structure
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to suit different wind speeds, with a maximum output of 1.438 mW at a wind speed of
40 m/s. Wang et al. [23] proposed an improved method based on a flapping airflow energy
harvester, introducing flexible wing sections to increase the output power, which reached
about 930 mW at a wind speed of 9 m/s when the flexible section was 5 cm. In all these
articles, the output performance of the airflow energy harvesters is not high, while the gap
between the collected energy and the electrical energy output is too large to achieve a high
energy conversion rate.

Diamagnetic levitation was first investigated experimentally by Cansiz and Hull [24]
in 2004. The non-contact nature of the diamagnetic levitation structure avoids friction
between moving parts, so it can be used in airflow energy harvesters to achieve high
output performance. In our previous work [25], a push—pull diamagnetic levitation
structure was reported, and the new diamagnetic levitation structure was used to har-
vest airflow energy. The airflow energy harvester [26] operated with good stability and
environmental adaptability.

This paper focuses on improving the airflow energy harvester based on the new
diamagnetic levitation structure to enhance output performance and energy conversion
rate. A centrosymmetric rotor is proposed to address the shortcomings of the three-notch
rotor. Simulation models are built in COMSOL to compare and verify various floating
rotors’ output performance and determine the optimum rotor parameters. A joint COMSOL
and MATLAB simulation was carried out to compare the levitation characteristics of the
new rotor with those of the three-notch rotor. Experimental prototypes and platforms
have been built based on theoretical and simulated models, and the results show that the
airflow energy harvester with the new rotor has higher output performance and better
levitation characteristics.

2. Theoretical Analysis
2.1. Analysis of Fundamentals

The three-dimensional model of the airflow energy harvester is shown in Figure 1. It
includes the pushing magnet, the upper highly oriented pyrolytic graphite (HOPG) sheet,
top coils, the floating rotor, bottom coils, the lower highly oriented pyrolytic graphite sheet,
the pulling magnet, and two airflow nozzles. All the structures except the nozzles are
arranged coaxially. The two nozzles are placed symmetrically around the vertical axis of
the energy harvester and located in the central horizontal plane of the floating rotor.

Floating Rotor

T

Pushing Magnet

Upper HOPG

Right Nozzle
Lower HOPG

Pulling Magnet\_—

Figure 1. 3D schematic of the airflow energy harvester.

The push—pull diamagnetic levitation structure is shown in Figure 2a, the floating
rotor has the same magnetization direction as the pushing magnet and pulling magnet, so
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the floating rotor is subject to their magnetic attraction Fp,s and Fp,;. Diamagnetic force
Fup and Fry are exerted on the floating rotor from the upper and lower HOPG sheets. In
Figure 2b, the axial resultant force of the floating rotor can be expressed as,

FR:PPus+PLow_PPul_G_PUp (1)

where G represents the gravity of the floating rotor, and Fr denotes the axial resultant force.
The potential energy of the floating rotor can be expressed by Equation (2).

- = -/ = —
U=-M-B+mgz= M(BPus - BPul) +mgz = *M(BPus - BPul) +mgz 2)

where M is the magnetic dipole moment of the floating rotor, Bp,s denotes the magnetic
flux density of the pushing magnet, Bp,; shows the magnetic flux density of the pulling
magnet, m shows the mass of the floating rotor, and z shows the distance from the ground.
Equation (3) can be obtained by substituting the diamagnetic influence exponents [27] C,
and C; into Equation (2).

(BPus() - BPulO) + [(BPus - Bpul), - mﬁ}z + %(BPus - BPul)//Z2

u:—M 2
1| (BL—Bp) i\ o
+4L(BLU),’;,,[,)—(Bpus—Bpuz) }r o

+ szz + CrrZ (3)

;4 F Pus
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Figure 2. Schematic diagram of the new diamagnetic levitation structure: (a) structure schematic
diagram; (b) force diagram of the floating rotor.

The formula for the stability of the floating rotor that can be derived from Equations (3)—(5)
are the equations for vertical and horizontal stability.

1
Ky, =C; — EM(Bpus — Bpy)" > 0 (Vertical stability) 4)

m2g2

1 7
Ky, = Cr + ~M{(Bpus — Bput)" — ——5 o
= Cr o gMA(Brus = Beu) 2M?(Bro — Bpo)

} > 0 (Vertical stability) (5)

Compared with the old structure [28], the push—pull diamagnetic levitation structure
only introduces a pulling magnet, but has the advantages of multiple levitation equilibrium
points, multiple maximum monostable levitation spaces, a large increase in horizontal
recovery force, and more stable axial force distribution. The airflow energy harvester with
the push—pull diamagnetic levitation structure has better output performance and a wider
application range.
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2.2. Analysis of the Floating Rotor

The schematic diagram of the three-notch rotor is shown in Figure 3, with its ra-
dius, thickness, notch radius and central hole radius being 9 mm, 3 mm, 2.5 mm, and
1 mm, respectively. The floating rotor rotates around the central axis under the driving of
two symmetrical and nozzle airflow. When the airflow collides with the floating rotor, the
motion state of the airflow will be changed. According to the momentum theorem, the
force between the floating rotor and the airflow is generated, which changes the velocity
direction and magnitude of the airflow, and the floating rotor starts to rotate under the
action of this force.

4 /N
/7( ﬁ/
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J
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Figure 3. Diagram of the driving forces on the floating rotor.
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When the airflow collides with the floating rotor, the motion state of the airflow can
be simplified as shown in Figure 3, where red represents the airflow before the collision
with the rotor and blue represents the airflow after the collision with the rotor. The driving
forces at the notch surface and the circular surface are F;1 and Fy3, respectively.

Fn=F,+F;= jjfvl pv1dV — jjfvl povodV + jjf{é pvadV — jijZ pvodV (6)
b = e - [ »

Connecting the collision point of the airflow and the center of the floating rotor, ¢
represents the angle between the driving force and the line connecting the two. When 0 is
closer to 90°, the driving effect on the rotor is more prominent, while the radial force on the
rotor is smaller. It can be seen from Figure 3 that the angle 6; is greater than 6, and the
tangential component of the driving force Fy1 is larger, while the radial component of the
driving force Fj; is larger.

According to the relative positions of the nozzle and itself, the floating rotor can be
divided into three parts, red, green, and blue areas shown in Figure 4a, each of which is 120°.
In a whole rotation of the floating rotor, the airflow from the right-side nozzle will blow
to three areas in turn. Therefore, the motion state of the floating rotor will undergo three
periodic changes in each rotation. As shown in Figure 4b, each period can be divided into
four stages according to the different positions of the left and right-side nozzles. During the
four stages of each period, the relative position between the floating rotor and the nozzles
changes sequentially from position 1 to position 4, while the airflow is directed towards the
floating rotor’s yellow, red, green, and cyan areas, respectively. Furthermore, the angle a of
the yellow and green areas is 32°, and the angle j of the red and cyan areas is 28°.

Fy = F, = Fr g4, + Fray (8)
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Figure 4. The floating rotor area division: (a) rotation period division; (b) motion state
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period division.

The first stage is shown in Figure 5. In Figure 5a, the driving force of the airflow
from the right side and left nozzles on the floating rotor are Fgry and Fy4, respectively.
The two forces are decomposed into two tangential forces Frgs and Fi 4, and radial forces
FRrgr and Frg4,. As can be seen from Figure 3, the two radial forces cannot completely
cancel each other out; hence, the resultant force of the two is F,, which makes the floating
rotor unbalanced in the horizontal plane and thus begins to offset. When the pushing
magnet, the pulling magnet, and the floating rotor are not coaxial, the pushing magnet
and pulling magnet exert a horizontal magnetic force on the floating rotor, and the sum
of the two horizontal magnetic forces is the horizontal recovery force Fy of the floating
rotor. In Figure 5b, the floating rotor begins to offset under the action of radial force, and
with the increase in the offset, the horizontal recovery force Fy also increases. As expressed
in Equation (8), when it reaches O’, the value of the horizontal recovery force Fy is equal
to that of the radial force F;, the floating rotor reaches its equilibrium in the horizontal
direction, and the offset also reaches the maximum value. O’ is denoted as the maximum
right side offset point of the floating rotor, where the floating rotor continues to rotate and
enters the next stage, as shown in Figure 6.

PLdr = FRdr (9)

Figure 5. First stage: (a) the floating rotor at point O; (b) the floating rotor at point O’.
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Figure 6. Second stage: (a) the floating rotor at point O’; (b) the floating rotor at point O.

In Figure 6a, at the beginning of the second stage, since the floating rotor is still located
at the maximum right-side offset point, the right-side nozzle is closer to the floating rotor,
so the right-side driving force Fgg is significantly greater than the left driving force Fr4. In
the horizontal direction, the floating rotor will return to the original central O point under
the combined action of the horizontal recovery force Fy, the right-side radial force Frg,
and the left radial force Fp4,. In Figure 6b, when the floating rotor returns to point O, the
left and right-side nozzles are at an equal distance from the floating rotor, the radial and
tangential components of the left and right-side driving forces Fr 4 and Fry are equal, as
shown in Equation (9). The floating rotor enters the third stage after 30° rotation around O.

In the third stage, the airflow from the left nozzle blows toward the notch surface,
while the right nozzle blows toward the circular surface, which corresponds to the rotation
of the floating rotor by 180° relative to the first stage. At this time, the direction of the
horizontal resultant force F; is exactly opposite to the horizontal resultant force in the first
stage, the floating rotor will be offset to the left, finally reaching the maximum left offset
point O”. The floating rotor will enter the fourth stage with another 30° rotation. The
fourth stage is like the second one in that the floating rotor returns to the initial point O
again under the action of the horizontal recovery force Fg and the two radial forces. The
entire period is the completion of the rotation of the floating rotor before entering the next
rotation period.

During one rotation cycle, the floating rotor is offset to the left and right in the
horizontal plane in turn because radial forces cannot be fully counteracted. After reaching a
maximum speed of 20,000 rpm, the floating rotor undergoes more than 900 periodic offsets
per second. Such a high frequency of periodic offset consumes substantial energy, reducing
the energy conversion rate. If the floating rotor deflection is to be eliminated, it must be
ensured that the airflow from both nozzles is blowing simultaneously toward the circular
surface or the notch surface. The three-notch rotor cannot eliminate the offset due to its
structure. When the number of notches is even, the rotor has a centrosymmetric structure,
as shown in Figure 7. In both the four-notch rotor and the six-notch rotor, when the nozzles
are at position 1, the radial component of the airflow flow can be completely canceled out
because the left and right nozzles blow simultaneously onto the circular surface. When the
nozzle is at position 2, both the left and right nozzles blow towards the notch surface, and
the two radial directions can still cancel each other so that the radial forces on the rotor
are balanced. With a centrally symmetrical rotor, both nozzles blow simultaneously onto
the notch or circular surface regardless of the rotor rotation angle, eliminating rotor drift
and thus achieving higher energy conversion rates, which can be considered an improved
solution for airflow energy harvesters.
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Figure 7. The centrosymmetric rotors: (a) the four-notch rotor; (b) the six-notch rotor.

3. Simulation Analysis of Centrosymmetric Rotor
3.1. Analysis of the Output Performance

In the airflow energy harvester, two factors influence the magnitude of the peak
voltage. One is the rotation speed w of the floating rotor. Higher speed led to higher
induction electromotive force in the coil. The other one is the energy conversion factor
pecr- The quotient of the peak voltage and the speed of the rotor is the value of the energy
conversion factor. The peak voltage Ep can, therefore, be expressed by Equation (10).

Ep = wpecr (10)

The energy conversion part of the energy harvester consists of two shaped coils made
up of three circular coils connected in series, which are arranged above and below the
floating rotor, as shown in Figure 8a. The simulation is modeled in COMSOL Multiphysics
5.6 as shown in Figure 8b, with the structure parameters selected from Table 1. The pushing
magnet, pulling magnet, and floating magnet are made of NdFeB 52 and have a maximum
magnetic energy of 400 kA/m3. The simulation model shown in Figure 8 is used to
simulate the output voltages of two-notch, three-notch, four-notch, and six-notch rotors.
The speed of three centrosymmetric rotors and the three-notch rotor is set to 20,000 rpm
and the simulation time is set to the time required for half a revolution. Figure 9 shows the
induction electromotive force corresponding to the four rotors, respectively.

Table 1. Parameters of the push—pull airflow energy harvester.

Parameter Value | Material
Pushing magnet, Pulling magnet, Floating rotor NdFeB-52
Pushing magnet @19 x 6.35 (mm)
Pulling magnet @10 x 2 (mm)
Radius of the floating rotor 9 (mm)
Thickness of the floating rotor 3 (mm)
Radius of the central bore of the floating rotor 1 (mm)
Radius of the notches of the floating rotor 2.5 (mm)
Outer diameter of circular coils 11.5 (mm)
Inner diameter of circular coils 0 (mm)
Wire diameter for circular coils 0.1 (mm)
Ly 0.5 (mm)
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Figure 8. The energy conversion part: (a) schematic diagram of position relation of the three-notch
rotor and coils; (b) voltage simulation model by COMSOL.
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Figure 9. Electromotive force and total voltage of the three coils of the four rotors: (a) two-notch
rotor; (b) three-notch rotor; (c) four-notch rotor; (d) six-notch rotor.
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As seen in Figure 9a,c, the phase of the induced electric potential generated by the
three coils to be different, which causes the voltages in the three coils to cancel each other
out, and the total voltage Erc (Epc) in the top coils (bottom coils) is less than the sum of
the voltages of the three coils, as expressed in Equation (11). Moreover, the value of Erc
(Epc) is always zero when using the four-notch rotor. In contrast, as seen in Figure 9b,d,
the E1c (Epc) of both the three-notch and six-notch rotors are three times the electromotive
force in a single coil, as expressed in Equation (12). Furthermore, the total voltage of
the three-notch rotor is significantly higher than that of the six-notch rotor by a factor of
approximately two. The energy conversion factors prcrsz, PEcrs3, PEcEs4 and ppcrss of
the four rotors in a single coil are calculated from Equation (10), and the values of them
are 0.0260 mV /rpm, 0.0263 mV /rpm, 0.0272 mV /rpm, and 0.0146 mV /rpm, respectively.
According to Equation (13), the centrosymmetric rotors may have a higher output perfor-
mance. The coil arrangement of the three-notch rotor is not suitable for the centrosymmetric
rotors, which results in their low total voltage.

Epc(Erc) < Epci(Erc1) + Epca(Erc2) + Epca(Ercs) (11)
Epc(Erc) = Epc1(Erc1) + Epca(Erc2) + Epca(Ercs) (12)
PECFS4 > PECFS3 > PECFS2 > PECFS6 (13)

With the centrosymmetric rotors, the existing coil arrangement must be changed
to avoid the induction electromotive force canceling each other out. The improved coil
arrangement is shown in Figure 10; several circular coils are fixed on each of the upper and
lower HOPG plates that are connected in series and tangent to each other, with the number
of them equal to the number of notches of the floating magnet. Using these improved
coil arrangements, the induction voltages of the four rotors were simulated in COMSOL
Multiphysics 5.6 and plotted in Figure 11. In Figure 11a, the peak electromotive force in
the single coil Egc of the two-notch rotor, three-notch rotor, four-notch rotor, and six-notch
rotor are 0.3392 'V, 0.4344 V, 0.5415 V, and 0.2839 V, respectively. The output voltage E is
calculated according to Equation (14), where N is the number of notches in each rotor. In
Figure 11b, the peak output voltages of four rotors are 0.6784 V, 2.6064 V, 4.332 V, and
3.4068 V, respectively. Both the total output voltage and the electromotive force in the
individual coils are at their maximum when using the four-notch rotor. As a result, the
four-notch rotor has the highest energy conversion factor among the four rotors, boosting
the output voltage by 1.7256 V compared to the three-notch rotor.

E = Erc+ Egc = 2NEsc (14)

: = ;i
(b) (o) (d)

Figure 10. The improved coil arrangement of the centrosymmetric rotors: (a) two-notch rotor; (b)
three-notch rotor; (c) four-notch rotor; (d) six-notch rotor.
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Figure 11. Electromotive force in a single coil and total output voltage of the four rotors with improved
coil arrangements: (a) induction electromotive force in a single coil; (b) total output voltage.

The simulation gives a resistance of 2.42 () for a single circular coil. The power of four
rotors was calculated from the total output voltage and resistance, as shown in Figure 12.
The four-notch rotor has the highest output power of 485 mW. In summary, the four-notch
rotor is the best in terms of both energy conversion factor and output power.
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Figure 12. The output power of the four rotors.

3.2. Analysis of Levitation Characteristics

The levitation characteristics of the three-notch and four-notch rotors were calculated
using a joint MATLAB and COMSOL simulation. The magnetic and diamagnetic forces
of the four-notch rotor are smaller compared to the three-notch rotor due to the lower
magnetic induction strength, which makes the axial combined forces and the potential
energy of the two types of floating rotor follow approximately the same trend, with slight
differences, as shown in Figure 13a,b. This means that there are also differences in the
levitation characteristics [25] of the two rotors.

The axial magnetic spring stiffness of the floating rotor represents the ability of the
energy harvester to cope with external axial excitation. The larger the axial spring stiffness,
the higher the axial stability. As seen in Figure 14, the axial magnetic spring stiffness of
the energy harvester is significantly increased when using the four-notch rotor. At Lp,
values of 59 mm, 58.5 mm, 58 mm, 57.5 mm, and 57 mm, the axial magnetic spring stiffness
increases by an average of 7.886%, 8.328%, 9.915%, 10.939%, and 11.263%, respectively. The
overall average increase in axial magnetic spring stiffness is 9.666%.
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Figure 13. The axial resultant force and potential energy of the three-notch rotor and the four-notch
rotor: (a) the axial resultant force; (b) the potential energy.
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Figure 14. Comparison of the axial magnetic spring stiffness of the three-notch rotor and the four-
notch rotor.

In Figure 15, each value of Lp,, represents a levitation point, and at each levitation
point, there is a maximum monostable levitation space L. When using the four-notch
rotor, Lp,s takes on a larger range of values and more levitation equilibrium points can
be selected. For the same value of Lp,s, the maximum monostable levitation space of the
four-notch rotor is somewhat enhanced, with an overall average enhancement of 1.67%.
Furthermore, the maximum monostable levitation space’s maximum value is increased
from 4.88 mm to 5.14 mm. The larger maximum monostable levitation space facilitates
observation of the levitation state of the floating rotor and reduces the possibility of friction
between the floating rotor and the coil due to axial excitation.

As shown in Figure 16a, the horizontal magnetic force on the four-notch rotor has
decreased to some extent, but the reduction is not significant, with the horizontal component
of the magnetic force of the pushing magnet decreasing by an average of 4.56% and the
horizontal component of the magnetic force of the pulling magnet decreasing by an average
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of 2.71%. In Figure 16b, the horizontal recovery force for the four-notch rotor has the same
trend, with an average reduction of 3.97% compared to the three-notch rotor. The reduction
in horizontal recovery force does not affect the performance of the energy harvester as the
four-notch rotor does not offset during operation. Moreover, the reduction is within 5%,
does not significantly impact horizontal stability, and can cope with horizontal excitation
in the operating environment.
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Figure 15. Comparison of maximum monostable levitation space at multiple levitation points for the
three-notch rotor and the four-notch rotor.
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Figure 16. The horizontal component of magnetic force and horizontal recovery force for the three-
notch rotor and the four-notch rotor: (a) comparison of the horizontal component of magnetic forces;
(b) comparison of horizontal recovery forces.

4. Experimental Verification
4.1. Levitation Characteristics Test Experiments

The experimental platform of the improved airflow energy harvester is built according
to Figure 1, as shown in Figure 17, with the same structural parameters as Table 1. The
experiments used two 1.5-mm thick floating rotors stacked together in place of a 3-mm
thick floating rotor. The prototype is fixed to a non-magnetic acrylic plate with the aid of
multiple adjustment tables and connections printed from photosensitive resin to ensure
that the pushing magnet, the pulling magnet, the upper HOPG, and the lower HOPG
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can be arranged coaxially. Moreover, that the adjustment tables adjust the axial distance
between them. In this experiment, only the right-side nozzle was used, and the airflow
was regulated by a single flow controller (MFC300). A laser displacement sensor (LK-G80)
is placed on the left-hand adjustment table to measure the horizontal displacement of the
floating rotor. LK-G80 is connected to the controller (LK-G3001) to display the displacement
data, which are recorded by a PC connected to the controller via USB.

Figure 17. Experimental platform for the levitation characteristics of the airflow energy harvester.

Experiments were first carried out on the maximum monostable levitation space at
multiple levitation equilibrium points for the three-notch rotor and the four-notch rotor.
The axial positions of the pushing magnet, the pushing magnet, and the two HOPG sheets
are changed so that the floating rotor is at different levitation equilibrium points. The
thickness of each component and the axial distance between them and the base plate are
measured using Vernier calipers. The distance between the upper and lower HOPG plates
was calculated from the measured data to be the maximum monostable levitation space
and recorded in Table 2. As can be seen from Table 2, as Lp,s decreases, the rotor can be
kept levitation by reducing Lp,;. When the value of Lp,; is reduced from 55.365 mm to
51.365 mm, the maximum monostable levitation space Lyyqy3 is reduced from 4.73 mm to
3.89 mm for the three-notch rotor and Lpy;;,5.4 is reduced from 4.81 mm to 3.97 mm for the
four-notch rotor. Meanwhile, Lyj;,.4 is consistently greater than Lyyy,,y3, with an average
improvement of 2.05%, in line with the simulation results in Section 3.

Table 2. Experimental data on maximum monostable levitation space.

Number Lpys (mm) Lp,3 (mm) Lp,14 (mm) Limaxz (mm)  Lygyapq (mm)
1 55.365 46.885 47.385 4.73 4.81
2 54.365 41.885 42.385 453 4.63
3 53.365 38.385 39.285 431 441
4 52.365 35.385 35.885 4.09 417
5 51.365 33.485 33.885 3.89 3.97

Both rotors are tested for horizontal recovery force when Lp,; is 55.365 mm. The
airflow from the nozzle is increased from 0 sccm to 3000 scem in 200-scem increments. The
horizontal displacement of the floating rotor is measured by a laser displacement sensor
(LK-G80, Keyence); the larger the horizontal displacement value, the smaller the horizontal
recovery force. The data are further processed and plotted in Figure 18.
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Figure 18. Horizontal displacement of the three-notch rotor and the four-notch rotor at different
airflow rates.

In Figure 18, the horizontal displacement of the four-notch rotor is greater than that of
the three-notch rotor at any airflow rate. The horizontal displacement reaches a maximum
at an airflow rate of 3000 sccm, when the maximum horizontal displacement is 5.45 mm and
6.45 mm for the three-notch rotor and the four-notch rotor, respectively, with an increase of
17.61%. The experimental results agree with the analysis in that the horizontal recovery
force of the four-notch rotor is reduced.

4.2. Output Performance Test Experiments

The experimental platform for testing the output performance is shown in Figure 19.
Connected to a computer, two flow controllers (MFC300) are used to regulate the airflow of
the left and right nozzles. Tektronix oscilloscope is used to display the output waveform of
the energy harvester. The coil arrangements of the three-notch and four-notch rotors are
fixed on the upper and lower HOPG sheets in turn. The airflow rate of the two nozzles
was set to 3000 sccm, and the output performance of the energy harvester prototypes with
the three-notch rotor and four-notch rotor was tested. The induced voltage in the coil is
generated by the varying magnetic induction strength. Each time the notch surface of the
rotor passes over the coil, the voltage in the coil peaks and troughs once. This means that
for one revolution of the rotor, the number of peaks and troughs in the output voltage is
equal to the number of notches in the rotor. Thus, the rotational speed of the rotor can be
calculated from the voltage waveform. The output voltage waves are shown in Figure 20.

In Figure 20a, the red dots represent the voltage of the three-notch rotor, the blue dots
represent the voltage of the four-notch rotor. The peak voltage is 1.924 V for the three-notch
rotor and 2.709 V for the four-notch rotor, with approximately 40.80% increase. The voltage
waveform displayed on the oscilloscope gives a maximum speed of 20,160 rpm for the
three-notch rotor and 21,367 rpm for the four-notch rotor. The rotation speed increase
is about 5.99% because air resistance is increasing with rotor speed at the same time.
The oscilloscope voltage wave of the four-notch rotor is shown in Figure 20b. The total
resistance of the six coils connected in series was 18.9 () and the total resistance of the eight
coils connected in series was 26.5 (). For the energy harvesters with three-notch rotor and
four-notch rotor, the output power increased from 97.93 mW to 138.47 mW with an increase
of 41.40%. Furthermore, the energy conversion factor increased from 0.095 mV /rpm to
0.127 mV /rpm with an increase of 32.68%. The sum of the kinetic energy of the airflow
from the left and right nozzles per second is the input power of the experimental prototype,
which is approximately 238.16 mW. The energy conversion rate of the energy harvester is
equal to the ratio of the output power to the input power, which is 41.12% for the three-
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notch rotor and 58.14% for the four-notch rotor, with an increase of 41.39%. The four-notch
rotor can output higher voltages and power while keeping the input power constant,
thus significantly increasing the energy conversion rate. According to Equation (10), the
output voltage of the airflow energy harvester is related to the rotation speed and the
energy conversion factor. The four-notch rotor has a higher rotational speed and a higher
energy conversion factor, so it can output higher power and the energy conversion rate is
significantly increased.
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Figure 20. The output voltage of the three-notch rotor and the four-notch rotor: (a) voltage data of
the two rotors; (b) voltage wave of the four-notch rotor.

The four-notch rotor significantly increases the power output and energy conversion
rate of the energy harvester, which means that more electronic devices can be loaded and
the collected wind energy can be converted into electricity more efficiently. The energy
harvester can harvest the wind energy in the environment more effectively and offer
workable output with a limited airflow input.

5. Conclusions

This paper investigates the airflow energy harvester using the push-pull diamagnetic
levitation structure. Instead of using the three-notch rotor, a four-notch rotor was intro-
duced into the energy harvester, and a corresponding comparison study was carried out to
verify the improvement. The centrosymmetric rotors are required to eliminate the periodic
offset. Simulations in COMSOL Multiphysics 5.6 of the output performance of multiple
floating rotors, have determined that the four-notch rotor has the best output performance.
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After the improvement, the levitation characteristics of the four-notch rotor were changed
due to its reduced magnetic induction strength and mass.

The axial magnetic spring stiffness increased by an overall average of 9.666%, and
the maximum monostable levitation space increased by an average of 1.67%. However,
there is a reduction in horizontal response force of approximately 3.97%, which does not
affect horizontal stability due to the elimination of the floating rotor horizontal offset.
An experimental platform was set up to verify the output and levitation characteristics.
According to the experimental results, when the airflow is 3000 sccm, the peak voltage of
the four-notch rotor can reach 2.709 V, and the maximum speed can reach 21,360 rpm. The
peak voltage, maximum rotation speed, output power, energy conversion factor, and energy
conversion rate of the four-notch rotor are respectively increased by 40.80%, 5.99%, 41.40%,
32.68%, and 41.39%, compared to the three-notch rotor. At the same time, the variation
in levitation characteristics is consistent with the simulation results. The use of the four-
notch rotor also substantially improves output performance, particularly by increasing the
energy conversion rate from 41.12% to 58.14%, while increasing the maximum monostable
levitation space and axial magnetic spring stiffness, demonstrating that this is a proven
improvement solution.
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Abstract: Radio frequency energy harvesting (RFEH) is one form of renewable energy harvesting
currently seeing widespread popularity because many wireless electronic devices can coordinate their
communications via RFEH, especially in CMOS technology. For RFEH, the sensitivity of detecting
low-power ambient RF signals is the utmost priority. The voltage boosting mechanisms at the input
of the RFEH are typically applied to enhance its sensitivity. However, the bandwidth in which
its sensitivity is maintained is very poor. This work implements a tunable voltage boosting (TVB)
mechanism fully on-chip in a 3-stage cross-coupled differential drive rectifier (CCDD). The TVB is
designed with an interleaved transformer architecture where the primary winding is implemented to
the rectifier, while the secondary winding is connected to a MOSFET switch that tunes the inductance
of the network. The TVB enables the sensitivity of the rectifier to be maintained at 1V DC output
voltage with a minimum deviation of —2 dBm across a wide bandwidth of 3 to 6 GHz of 5G New
Radio frequency (5GNR) bands. A DC output voltage of 1 V and a peak PCE of 83% at 3 GHz for
—23 dBm input power are achieved. A PCE of more than 50% can be maintained at the sensitivity
point of 1 V with the aid of TVB. The proposed CCDD-TVB mechanism enables the CMOS RFEH to
be operated for wideband applications with optimum sensitivity, DC output voltage, and efficiency.

Keywords: radio frequency energy harvester; CMOS; voltage boosting; wideband; CCDD; 5GNR

1. Introduction

Since the 3rd Generation Partnership Project (3GPP) standardized the first New Radio
(NR) version (Release 15) in mid-2018, the evolution of the fifth-generation (5G) new radio
(NR) has been rapid. 5GNR technology was designed to operate in two distinct bands:
FR1 (410 to 7125 MHz) and FR2 (24,250 to 52,600 MHz). Despite operating into the 7 GHz
band, FR1 is commonly referred to as the “Sub-6 GHz” band. The leading carriers compete
to provide various commercial services over 5G networks. In the future, it is expected
that over 6.5 million 5G base stations will be installed, allowing over 58% of the world’s
population to access services via over 100 billion 5G connections [1]. Following 5G’s rapid
development, many commercialization use cases will push the 5G network to improve
performance and expand capabilities continuously.

It is no secret that the worldwide demand for electronic devices has been rising, which
means that the global use of electrical energy has been growing alongside it. According
to studies cited in [2], by 2030, communication technologies might account for as much as
51% of the world’s total electricity consumption. The study also indicates that by 2030, the
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power used by communication technologies might account for up to 23% of worldwide
greenhouse gas emissions. As a result, reducing the energy needed to run all these gadgets
connected to the internet is an absolute necessity. Furthermore, these connected devices are
powered by batteries, contributing to increased waste and environmental pollution. Since
the introduction of the first commercial lithium-ion (Li-Ion) batteries in 1991, the number
of portable electronic device products that use Li-lon batteries has grown dramatically [3].

Since the battery life of connected electronic devices can be vastly improved by reduc-
ing the frequency with which they need to be charged, it is crucial to lower their power
consumption. Several energy harvesting works have been successfully implemented re-
cently, including the triboelectric nano-generators (TENG) devices [4,5]. TENG devices are
commonly utilized for biomechanical energy harvesting applications. In [4], a nanocom-
posite that acts as a positive triboelectric layer was successfully used in the fabrication
of the TENG device, which converts waste mechanical energy into valuable electrical
energy. The TENG device consumes an area of 4cm? while capable of delivering an output
voltage of 35 V as well as 130 nA output current at 100 MQ2 load. Moreover, in [5], a ZIF-8
HG-Kapton TENG device with dual-mode operation was proposed. A triple-unit TENG
is constructed using additive manufacturing, producing an output voltage of 150 V and a
current of 4.95 pA. The single-unit mode is implemented to detect a robotic system’s right
and left tilting motion. Meanwhile, the triple-unit mode is utilized as a sustainable power
source to power up low-power electronics. However, the TENG devices mainly focus on
harvesting the wasted mechanical motions, which is not present in on-chip microelectronics
integrated circuits.

Radio frequency energy harvesting (RFEH) is a particularly prevalent type of renew-
able energy harvesting at the moment [6—11] because RFEH can be unified into a single
wireless communication system used by all interconnected electronic devices. RFEH is
widely studied and implemented in integrated circuits to improve the system’s efficiency
and charge the batteries. It aids in decreasing the need for large battery packs in electronic
gadgets and the amount of time between charges. The RFEH system consists of an antenna,
an input impedance matching network, a rectifier, a voltage multiplier, and an energy
storage component or load.

The antenna in the RFEH system detects or receives the transmitted RF wave propa-
gating through the transmission medium. Its impedance-matching network is designed to
provide maximum power transfer for the RFEH system. The impedance matching network
employs low-loss or high Q-factor inductors or transformers. The rectifier converts the
received alternating current (AC) RF signal to direct current (DC) power. However, the
rectifier’s DC output voltage is too low to power a wireless device. As a result, a voltage
multiplier is used to increase the DC voltage level to the level required by wireless devices.
Finally, the harvested energy is stored in energy storage devices such as rechargeable
batteries and super-capacitors or directly applied to the load. Figure 1 depicts the block
diagram of an RFEH system [12].

Transmitter

Wireless Antenna and Voltage Enerey Storage

Transmission =) Matching Rectifier . g- .gy &

. L Multiplier Device or Load
Medium Circuit

Figure 1. Block diagram of an RFEH system.

A reconfigurable RFEH with dual-path rectifiers and an adaptive control circuit (ACC)
is presented in [13]. The dual-path rectifiers are configured with series and parallel paths
for low-power and high-power operations. This method maintains a high-power PCE over
a wide range of input power. The rectifiers use internal threshold voltage cancellation (IVC)
to compensate the transistors” Vy, effectively. The ACC includes a comparator, an inverter,
and three switches that activate series or parallel paths based on the RF input power range.
An off-chip impedance matching network is used to match the rectifier’s input impedance
to the source of the RF input power. For a 200 k(2 load at 0.902 GHz, the reconfigurable
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RFEH achieved a peak power conversion efficiency (PCE) of 33% and a DC output voltage
of 3.23 V with —8 dBm RF input power. It has a sensitivity of —20.2 dBm input power and
outputs 1 V DC voltage for a 1 M() load.

Furthermore, a 3-stage Cross-Coupled Differential-Drive (CCDD) rectifier with a
broad PCE dynamic range was proposed in [14]. The proposed RFEH uses a self-body
biasing approach to lower the Vi, and diode-tied transistors to lower the reverse leakage
current. Both shared-capacitor-coupling (SCC) and individual-capacitor-coupling (ICC)
input-capacitor topologies are designed independently for the CCDD rectifier. Two separate
capacitors are used to separate the DC power supply from the RF signal route. When used
in conjunction with one another, these capacitors bias the gate of the transistors while one
store charge. The SCC configuration is achieved when the NMOS and PMOS transistor
gates are linked to the same coupling capacitor at the input. In contrast, the gate biasing of
each NMOS and PMOS transistor is kept independent by physically separating the coupling
capacitor in the ICC arrangement. Input power of —18.4 dBm at 0.9 GHz resulted in a peak
PCE of 83.7% for the SCC configuration. At the same frequency, the ICC configuration’s
peak PCE was 80.3% when fed with an input power of —17 dBm.

Moreover, an RFEH based on an improved Dickson charge pump with an output
capacitor to reduce the load capacitance during the positive half cycle is proposed in [15].
The rectifiers addressed here are modified output capacitor Dickson and differential load
Dickson. The Dickson charge pump scheme is used in both rectifiers, which consists
of diode-connected transistors, charge storage coupling capacitors, load capacitors for
output ripple reduction, and resistive load. The first design incorporates a 3-stage voltage
multiplier with a modified output capacitor loop. In the meantime, the second design
employs a 2-stage voltage multiplier with a differential load. The output capacitor helps
increase the DC output voltage, allowing for appropriate load resistors. The differential
load, on the other hand, helps to improve the rectifier’s sensitivity to operate for low RF
input signals at 0.953 GHz. Under —12.5 dBm input RF power, the rectifier with a modified
output capacitor achieved a peak PCE of 84.4% and 1 V DC output voltage. Meanwhile,
under —15 dBm input power, the rectifier with differential capacitor load achieved a peak
PCE of 56.2%.

As observed from recent on-chip RFEH works, it is evident that most of them are
operating in narrowband applications, and a wideband energy harvesting solution is still
a challenge, unlike in other RF circuits, such as power amplifiers or voltage-controlled
oscillators, which achieve wideband [16,17]. Thus, in this study, a 3-stage CCDD rectifier is
equipped with an on-chip tunable voltage boosting mechanism that is entirely adjustable for
wideband sensitivity tuning. The tunable voltage booster is constructed with an interleaved
transformer architecture, with the primary winding connected to the rectifier while the
secondary winding is connected to a MOSFET switch that tunes the network’s inductance.
Adjusting the voltage booster enables the CMOS RFEH’s sensitivity to be maintained at
1V DC output voltage throughout a bandwidth of 3 to 6 GHz of 5GNR frequency bands.
The suggested technique allows the CMOS RFEH to operate with optimal sensitivity, DC
output voltage, and PCE for wideband applications.

2. Rectifier Design and Operation

The rectifier designed adopts the cross-coupled differential-drive (CCDD) architecture,
as depicted in Figure 2. Referring to Figure 2, the CCDD rectifier comprises two NMOS
transistors (My1 and Myy;) and two PMOS transistors (Mp; and Mp,) connected in a cross-
coupled configuration. The transistors in the rectifier are operating in the subthreshold
region, and the drain-current I, is given as [18]:

Ves—V1H _Vps
Ip=1Ige "1 (1 —e VT ) D)
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where Ig is the zero-bias current of the device, Vg is the gate-source voltage of the tran-
sistor, Vpg is the drain-source voltage of the transistor, Vg is the threshold voltage of the
transistor, n is the subthreshold slope, and V7 is the thermal voltage.
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Figure 2. Schematic of the designed CCDD rectifier.

M1 and My adopt a self-body-biasing mechanism in which their bulk terminals are
connected to the DC output voltage (Vpc). The self-body-biasing mechanism reduces the
threshold gate voltage (Vty) of M1 and M. Figure 3 compares drain current (Ip) with
and without bulk biasing. It can be observed that the Vp of the transistor can be mitigated
to 440 mV from 540 mV after applying the bias to the bulk. The transistor’s Vg contributes
to voltage drop, limiting the maximum Vpc and the PCE that can be achieved. Therefore,
it is essential to lower the transistor’s Vry for the rectifier. Furthermore, to mitigate the
reverse-leakage current, diode-connected MOS transistors (D;-D;) are integrated between
the gate and the source of each transistor, as depicted in Figure 2. The diodes also aid in
raising the forward conduction of the rectifier.

6 — With Bulk-Bias
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a
2
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% 05 10 15 20
VBIAS (V)

Figure 3. Drain current (Ip) comparison without and with bulk-biasing. 100 mV Vry reduction is
achieved with a bulk-biasing mechanism.

Assuming a steady-state operation, when the RF input power of the rectifier is low
and for the first half-period of the input RF signal (Vrg; > Vrp.), Mp; and My, are turned
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on to perform rectification while Mp, and My are turned off. For the second half-period of
the input RF signal, Mp, and Myj; perform the rectification function while Mp; and Mnp
are turned off. During the first and second half-periods, the bulk of My and My are,
respectively, biased by the Vpc from the rectifier in which it realizes the self-body-biasing
mechanism. The self-body-biasing is not implemented on Mp; and Mp; since only the
positive DC voltage is produced in the rectifier circuitry. At the low RF input signal, the
reverse leakage current is minimal as the resistive loss mainly contributes to the energy
loss during forward conduction. This is due to the low DC biasing voltage applied at
the transistor’s bulk, which is not significant for Vrpy reduction. A voltage of more than
500 mV is necessary to overcome the forward voltage of the diode-configured transistors
utilized in the rectifier circuit. This is shown in Figure 3, where the I-V curve of the diode
configured MOS with W/L of 12.0 um/0.13 um begins to conduct current beyond 540 mV.
Thus, D1-D; is turned off when the RF input signal is low.

On the other hand, when the RF input signal is large enough to overcome the forward
voltage of D1—Dy, it starts to operate. At My and My, D1 and D, are in reverse biased
condition when n-stage Vpc > Vrpe. n-stage Vpc is the DC output voltage from the
previous stage of the rectifier. The potential difference between the source and gate creates
an extra current path for the forward current to flow to the system’s drain, increasing the
PCE. Suppose the voltage Vpc > VR4, the Dy and D, are in forward biased condition. The
diodes act as a large resistor that blocks the reverse-leakage current flowing from n-stage
Vpc into Vrgt. Moreover, when Vpc < Vypi, D3 and Dy which are connected at the
Mp; and Mpq, respectively, are in reverse bias. D3 and D4 emulate a huge resistor with a
potential of -V between the gate and source of the transistors to block the reverse leakage
current from flowing back to the source. Suppose the voltage Vpc > Vgri, D3 and Dy are
in forward bias, where it increases the forward current by pushing further charge to the
output, increasing the total output charge and thus enhancing Vpc, sensitivity, and PCE of
the rectifier.

As depicted in Figure 2, the proposed CCDD rectifier is implemented with a mutual
capacitor coupling configuration as the gates of the NMOS and PMOS are connected to
the same coupling capacitor at the input. The capacitors pair (C, and C3) decouple from
the gates of the transistors to isolate the RF signal path from the power line with the
addition of C; and Cy4. C; and Cj3 serve as charge-storing capacitors only, while C; and
C4 focus solely on biasing the gate of the transistors without being impacted by the DC
offset contributed by C, and Cs. Figure 4 depicts the input RF voltage waveforms for the
proposed CCDD rectifier.

r

VRF (V)

Time (s)

Figure 4. Terminal RF voltage waveform of the designed CCDD rectifier.
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When implemented in ambient RFEH systems, cascading more stages typically allows
for a higher Vpc output. Albeit, as a result of its proportionality to RF input power (PrpN)
and PCE for a fixed output load (R ), the power equation in (2) imposes a theoretical limit
on the possible value of Vpc. The PCE of the rectifier is defined as in (3). As demonstrated
in Figure 5, extending the rectifier stages beyond necessary would be superfluous because
Vpc would not increase considerably. By referring to Figure 5, it can be deduced that the
Vpc is not rising significantly beyond 3 stages and begins to drop as the stages increase.
Therefore, a 3-stage rectifier is considered essential, and its configuration is depicted in
Figure 6. Meanwhile, Figure 7 shows the rectification response of the 3-stage CCDD rectifier

at 3 GHz.
Vpc = vN-Prev-Rp )
Ppc Vie
1 Preiv' Rp-Pren ©)
1.4

0.6 Pren = —15 dBm
Rieaq = 250 kQ

04— . .
1 2 3 4 5 6 7

Number of Stages

Figure 5. Vpc versus rectifier stages.
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Figure 6. Schematic of the 3-stage CCDD rectifier.
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Figure 7. Rectification response of the 3-stage CCDD rectifier at 3 GHz.

3. Tunable Voltage Booster (TVB) Design and Operation

The tunable voltage booster (TVB) consists of a primary conductor and a secondary
conductor interleaved between each other, as illustrated in Figure 8. The primary conductor
is the main inductor connected to the input of the rectifier. In contrast, the secondary
conductor is the auxiliary conductor used to tune the inductance of the primary conductor
through magnetic coupling. A transistor switch is connected in parallel to the secondary
conductor, which opens and shorts the conductor when the gate voltage is applied. A
coupling coefficient, k, magnetically couples the primary conductor and secondary conduc-
tor. When the ambient RF input signal is applied to the primary conductor, the changing
magnetic field in the primary conductor induces an opposite current flow which translates
to an opposing magnetic field on the secondary conductor.

— Primary Current
----» Secondary Current

Switch

[«—14
RFout

Figure 8. Tunable voltage booster (TVB) architecture.

The current flow in the secondary conductor is gradually shorted by varying the gate
voltage of the transistor switch. When the transistor switch is entirely off, the secondary coil
is open. Thus, no current flow occurs, and the inductance value in the primary conductor
remains the default. When the transistor switch is gradually turned on via the applied gate
voltage, the secondary conductor becomes shorted in, where the current flow opposes a
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change of the flux. The opposing magnetic field in the secondary conductor cancels out
the magnetic field created in the primary conductor. As a result, the decreasing magnetic
field reduces the inductance of the primary conductor, which realizes the variability of the
inductance value.

Figure 9 shows the schematic of the TVB configuration applied in the CCDD rectifier.
The ambient RF input signal is applied at the primary conductor, L. The secondary
conductor, L, is connected to the drain and source of an NMOS transistor, acting as a
switch. A DC voltage (Vr) is applied at the gate of the NMOS transistor, where a resistor,
Rj, is connected in series to provide isolation between the AC signal path and the DC signal
path. The secondary conductor is open when the transistor is turned off (V1 = 0 V). When
the gate voltage is gradually increased (V1 > 0 V), the secondary conductor is shorted,
which induces an opposite current flow that opposes the magnetic field in the primary
conductor, as aforementioned. The current flow paths on each conductor are illustrated
in Figure 8. The opposite current flow in the secondary reduces the inductance value in
the primary conductor due to their magnetic coupling. The following brief analysis, with
the aid of Figure 10, shows the relation of primary inductance when the secondary coil is
shorted. Referring to Figure 10:

V1 = j(,ULpI1 +jwM12 (4)
Vz = jth + ijsIZ (5)
when Ly is shorted,
V=0 (6)
k
RFiN VT
E g}j W
SWi1

RFour

Figure 9. Schematic of the TVB.

M
In Y Y I

Vi Lp% é V2

Figure 10. Simple analysis schematic for the TVB operation.

Thus,

I = —Mh (7)

Ls
11> (8)

I1> ©)

Substituting (7) into (4),

e

Vi =jwLpl +jwM <—

e

V] = ijPIl + ](,UM <—
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Since M =k, /LpLs:

M? = K*L,Ls (10)
Substituting (10) into (9),
vV, = ijp(1 _ k2)11 11)
Thus, the inductance of Lp when the switch is turned on is:
Lpsw=on = Lp (1 - kz) (12)

It can be deduced from (12) that the inductance of Lp is reduced when the switch is
turned on at the secondary coil.

The TVB is designed and characterized according to the impedance values needed
for the rectifier to achieve wideband sensitivity from 3 to 6 GHz. Figure 11a delineates
the simulated inductance value variations of the TVB when VT is tuned from 0 to 2.25 V.
Referring to Figure 11a, it can be observed that the inductance (L) can be varied from 5 nH
to 1.6 nH at 3 GHz. It is also observed that the inductor’s self-resonance frequency (SRF) is
increased to a higher frequency when V7 is tuned. On the other hand, Figure 11b shows the
respective simulated Q-factor of the inductor. This tuning property of the voltage booster
is integrated with the rectifier to achieve the wideband functionality of the CCDD rectifier.

6 vr v; 6 Vi Vo
At —0.00V ----1.25V 5t —0.00V ----125V
— 025V ----1.50V —0.25V  ----150V
4 —050V ----175V 4t —050V ----175V
——0.75V  ----2.00V = ——0.75V  ----200V
T 3 —100v ----225v[ © 3 . ---- 225V
c ‘\\ 3 SRF Increases [& BRSO T L
£ 2f 8 2 AN
e Y L L LL
-l '
1t o 1 TN\
0' el 0 SIEISTZziliss
Frequency of Frequency of
-1 B Operation -1 - Operation
for the Rectifier for the Rectifier
-2 1 'l 1 1 1 'l 'l 'l 'l _2 1 1 1 L 1 1 1 L L
012345678 910 0123456718 910
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 11. (a) Simulated inductance values of the TVB when V7 is tuned. (b) Simulated Q-factor
values of the TVB when V7 is tuned.

4. CCDD-TVB Rectifier Design and Operation

The fully integrated architecture of the CCDD-TVB rectifier is illustrated in Figure 12.
The rectifier is constructed in 3 stages to achieve the optimum DC output voltage and
PCE. The TVB is employed at both differential inputs of the rectifier to provide the tuning
property at the rectifier’s input symmetrically. M1 to Mg and Mp; to Mpg are the NMOS
and PMOS transistors utilized in the 3-stage CCDD rectifier. D; to Dj, are the diode-
connected transistors employed to suppress the reverse-leakage current throughout the
stages. Cp, C3, Cg, Cy, Cqp, and Cyq are the charge storing capacitors, while Cy, C4, Cs, Cg,
Cy, and Cy; are the gate biasing capacitors. The tunable voltage boosters are L; (Lip and
Lis), and L, (Lpp and Lyg) applied at the positive (Vg;) and negative (Vrp.) inputs of the
rectifier, respectively. Lip and Lg are the primary and secondary coil of L, respectively,
while Lyp and Lyg are the primary and secondary coil of Ly, respectively. SW; and SW,
are the NMOS switches employed at L;s and Lyg, respectively, to tune the inductance of
Lip and Lpp. R; and R; are the isolation resistors for both TVBs. The gate voltages for SW4
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and SW) are applied via V11 and V1, respectively, to conduct the tuning mechanism of
the TVBs. Cp, is the capacitor load of the rectifier, and it is tested with a resistor load (Ry))
of 250 k.

V]:I:_\m-ml L”';I 1 CIJ_ C2

ng A

i

1L I
C'.'T CsT

2" Stage

VRF-
o

T'unable Voltage
Booster

Figure 12. Detailed schematic of the CCDD-TVB rectifier.

Conventionally, a series inductor at the rectifier’s input is utilized as the voltage
booster (VB). The conventional implementation of the VB has significantly enhanced the
Vpc of the rectifier. Figure 13 shows the simulated Vpc achieved by the rectifier with
conventional VB and without VB across the targeted frequency of 3 to 6 GHz. At 3 GHz,
the sensitivity of the CCDD rectifier at 1 V Vpc is significantly enhanced by —7 dBm
(from —17 to —24 dBm). However, when the frequency changes, the sensitivity drastically
degrades, reflecting the drawback of the conventional VB. This is due to the change in
input impedance after implementing the conventional VB. Observe in Figure 13 that the
sensitivity of the rectifier did not vary much without the VB. This is because the input
impedance did not change significantly as compared to after VB implementation. It is
clearly illustrated in the Smith chart provided in Figure 14. Referring to Figure 14, it can be
deduced that the input impedance’s location on the Smith chart changes drastically with
the conventional VB compared to without the VB. Since the conventional VB does not have
a tuning characteristic, it is a limitation for wideband implementation in rectifiers.

2.5 __
——3GHz 2,
——4GHz Sy

2.0 | —— 5 GHz R
—6 GHz R4

2 1.5}
Q ,
s 1.0 /!

0.5} ‘.' ’,'

Ui ,) —— Without Conv. VB

0.0 il s’ ¢/ _.’ === With Conv. VB

-35 -30 -25 -20 15 10 -5 O

PIN (dBm)

Figure 13. Simulated Vpc of the CCDD rectifier with and without the conventional VB.
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~—®— 3 GHz
~—®—4 GHz
—A—5GHz
~%— 6 GHz

Figure 14. Input impedance’s location across frequency with and without conventional VB.

Furthermore, the optimum impedance points for specific parameters can be deter-
mined via the load or source pull analysis [19]. Thus, the input impedance for sensitivity
across the wideband frequency for the rectifier is identified using the source-pull evalu-
ation. The input impedance for sensitivity at 1 V of less than —20 dBm across frequency
is targeted to be achieved. The TVB is designed to fulfill the input impedance needed
across the frequency for the targeted sensitivity at 1 V, thus resolving the limitation of the
conventional VB, which is narrowband. Figure 15 shows the Smith chart illustrating the
input impedance location after tuning the voltage booster. It can be observed that the input
impedance’s locations for wideband sensitivity can be attained by tuning the TVB. The
TVB provides different values of inductances when tuned as compared to conventional
VB, in which it can shift the input impedance locations for sensitivity optimization across
wideband frequencies.

5.00 nH (V;=0.00 V)
3.60 nH (V;=0.25 V)
1.80 nH (V;=2.25 V)
1.60 nH (V;=2.00 V)

~--&--- Conventional VB
for maximum sensitivity

—®— 3 GHz

—@®— 4 GHz across wideband frequency
—A— 5GHz /
~—%— 6 GHz

Optimum impedance location

Figure 15. Input impedance’s location across frequency after tuning the TVB as compared to conven-
tional VB.

After tuning the TVB, the sensitivity of the rectifier at 1 V can be enhanced across
the frequency. Figure 16 depicts the Vpc achieved by the rectifier before and after tuning.
It can be observed that the sensitivity varies drastically by —13 dBm across frequency
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before tuning. The sensitivity is enhanced to only —2 dBm variation across frequency after
tuning the TVB. It proves the functionality of the tunable voltage in realizing the wideband
sensitivity rectifier. At 3 GHz, the best Vr setting is by default 0 V. At 4 GHz; the V1 needed
for the optimum performance is 0.25 V. Meanwhile, at 5 and 6 GHz, the V settings required
are 2.25 V and 2 V, respectively.
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rd L4 #
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Figure 16. Simulated Vpc of the CCDD-TVB rectifier across frequency before and after tuning.

5. Measurement Results

The proposed CCDD-TVB rectifier is fabricated using the technology of CMOS 130 nm
and six metal layers. It consumes an area of 1.43 mm? on-chip, including the bond pads for
measurement. Figure 17 depicts the fabricated chip of the CCDD-TVB rectifier. In addition,
Figure 18 illustrates the measurement setup utilized for validating and characterizing the
CCDD-TVB rectifier. The parametric analyzer supplies and monitors the DC voltages
(V11 and V) to the chip. The RF and DC probes are used to probe the connection pads
on-chip. Additionally, the multimeter is used to measure the DC output voltage (Vpc) of
the CCDD-TVB rectifier from the PCB variable load. A 250 k(2 load is used as the optimum
load for the system. The signal generator is utilized to supply the RF input power (Py) to
the rectifier and the RF balun to split the signal into a differential signal.

GND RFin+ GND RFin- GND

1.1 mm

V11 GND Vpc GND Vm2
1.3 mm

Figure 17. The micro-photograph of the fabricated CMOS 130 nm CCDD-TVB rectifier.
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Figure 18. Measurement setup for the validation of CCDD-TVB rectifier.

Figure 19 depicts the measured Vpc of the CCDD-TVB rectifier for different load
conditions across the Py at 3 GHz. It can be observed that as the load is increased from
50 k() to 250 k(), the sensitivity of the rectifier rises as well. The open-load condition is
close to the 250 k() load, which is required to achieve the highest sensitivity for the rectifier.
Thus, 250 k() is selected as the optimum load condition required, and the measurement
across frequency is conducted. The CCDD-TVB rectifier can deliver a maximum Vpc of
2.5V for Piy of —7 to —8 dBm across the frequency when measured with Ry, = 250 kQ2. The
measured results do not deviate much from simulated results which reflect the reliability
of the design, as illustrated in Figure 20. The measured sensitivity at 1 V obtained is
from —21.5 dBm at 6 GHz to —23.5 dBm at 3 GHz, where the variation is —2 dBm across
the frequency. Figure 21 delineates the sensitivity of the CCDD-TVB rectifier across the
frequency of 3 to 6 GHz. The slight deviation of performance between the simulation and
measured results is due to the parasitic effect on-chip and process variations during the
fabrication of the rectifier.

Figure 22 shows the respective measured PCE achieved by the CCDD-TVB rectifier
across the frequency. A peak PCE of 83% is achieved at 3 GHz for —23 dBm Pyn. At 4 GHz,
the peak PCE achieved is 73% for —22.5 dBm Pyy. At 5 GHz and 6 GHz, the peak PCE is
67% and 57% for —22 dBm and —21.5 dBm, respectively. Referring to Figure 21, the peak
PCE is achieved at the lowest sensitivity points across the frequency. It can be observed that
the PCE can be maintained at more than 50% across the frequency at its sensitivity point of
1V DC output voltage by tuning the proposed TVB mechanism. Table 1 summarizes the
performances of the CCDD-TVB rectifier and compares it to the recent state-of-art rectifiers.
It can be observed from the summary that the proposed CCDD-TVB achieves an operating
bandwidth of 3 GHz (3 to 6 GHz) as compared to other recent works. This work also
realizes the RFEH application for 5GNR bands.
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Figure 19. Measured Vpc of the CCDD-TVB rectifier at 3 GHz for different load conditions.
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Figure 20. Measured tuned Vpc of the CCDD-TVB rectifier across frequency.
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Figure 21. Sensitivity of the CCDD-TVB rectifier across wideband frequency.
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Figure 22. PCE of the CCDD-TVB rectifier across wideband frequency.

Table 1. Comparison of CCDD-TVB rectifier with recent works.

Peak PCE

Rectifier Freq. o Sensitivity@VDC
Ref Tech. Topology (GHz) (% for Load at Input VDCout (V) (dBm@V)
Level)
1-stage voltage 33% for 200 kO@ B
[13] 180 nm CMOS doubler 0.902 _8dBm 3.23 20.2@1
83.7% for 100 kQ@
[14] 130 nm CMOS 3-stage CCDD 0.9 _18.4 dBm 1.1 —19.2@1
. 84.4% for 21.5 kQ@
[15] 65 nm CMOS 3-stage Dickson 0.953 125 dBm 1 —12.5@1
12-stage 32% for 1 MO@
[20] 130 nm CMOS Dickson 0.915 15 dBm 3.2 —20.5@1
[21] 180 nm CMOS Dickson 0.433 30% for 10 kO@ 0.5 —9@0.1
—5dBm
65% for 100 kQ@
[22] 180 nm CMOS 1-stage CCDD 0.1 18 dBm 1 —18@1
65.3% for 50 kOQ@
[23] 180 nm CMOS 1-stage CCDD 0.433 152 dBm 1 —17@1
2-stage 74% for 5 kQ@
[24] 180 nm CMOQOS differential 0.433 5 dBm 0.8 0@0.8
. 25.2%/22.5% for
[25] 180 nm CMOS  5-stage Dickson 0.93/2.63 500 KO@ —1 dBm 9.5 —16/—15.4@1
3-stage 72.2% for 10 kOQ@
[26] 130 nm CMOS CCDD Bridge 0.953 13 dBm 42 —6.3@1
This 83% at 3 GHz for
130 nm CMOS CCDD + TVB 3-6 250 kOQ@ 2.5 —235t0 —21.5 @1
Work —23 dBm

6. Conclusions

A wideband sensitivity rectifier is designed and validated in this work. The proposed
TVB can tune the input impedance of the designed CCDD rectifier, which realizes the
wideband property. The CCDD-TVB rectifier can maintain its sensitivity of 1 V Vpc with a
minimum deviation of —2 dBm input power across a frequency bandwidth of 3 GHz to
6 GHz. The PCE at the sensitivity point is also maintained by more than 40% across the
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frequency. A peak PCE of 83% is achieved at 3 GHz for Py of —20 dBm. All the measured
results are validated with a 250 k() resistor output load for the rectifier. The maximum DC
output voltage of 2.5 V is achieved across the bandwidth. The CCDD-TVB architecture
realizes the wideband operating rectifier, which is suitable for 5GNR bands that operate
from 3 GHz to 6 GHz.
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Abstract: A low-power capacitorless demultiplexer-based multi-voltage domain low-dropout regula-
tor (MVD-LDO) with 180 nm CMOS technology is proposed in this work. The MVD-LDO has a 1.5 V
supply voltage headroom and regulates an output from four voltage domains ranging from 0.8 V
to 1.4 V, with a high current efficiency of 99.98% with quiescent current of 53 pA with the aid of an
integrated low-power demultiplexer controller which consumes only 68.85 pW. The fabricated chip
has an area of 0.149 mm? and can deliver up to 400 mA of current. The MVD-LDO’s line and load
regulations are 1.85 mV/V and 0.0003 mV/mA for the low-output voltage domain and 3.53 mV/V
and 0.079 mV/mA for the high-output voltage domain. The LDO consumes only 174.5 uW in standby
mode, making it suitable for integrating with an RF energy harvester chip to power sensor nodes.

Keywords: multi-voltage domain low dropout; radio frequency energy harvester; power management
unit; bandgap voltage reference; system on chip; internet of things; feedback network; demultiplexer

1. Introduction

A radio frequency energy harvester (RFEH)-based system on chip (SoC) is an inte-
grated circuit that is capable of operating with much less dependency on battery energy [1].
It is made up of many different sub-circuit blocks, such as analog and mixed signal blocks,
and each one requires a different voltage domain from the power source, which has high
power quality requirements. Hence, RFEH can extend the life of battery-powered SoCs.

A wireless sensor node (WSN), on the other hand, which is made up of four major
components—a sensing unit, a power unit, a processing unit, and a transmitter—requires a
better power solution to extend the battery life of the sensor, which continuously monitors,
captures, and transmits data to the processing unit for processing [2,3]. Each wireless
sensor node component operates in a different voltage domain.

Besides this, a series of prominent microcontrollers widely used in the industry still
require a dynamic voltage scaling power solution. The microcontrollers have a supply
voltage range that varies based on the system frequency. For example, flash memory
programming is not necessary for microcontrollers, such as MSP430G2001, when the system
frequency is 1 MHz. During this phase, the supply voltage range is from 1.8 V to 3.6 V.
Meanwhile, the supply voltage range is from 2.2 V to 3.6 V if flash memory programming
is needed [2,4]. The static or single-power solution is not helpful in such conditions. A
notable power solution is required for the system to increase its power efficiency.
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A single-inductor multiple-output (SIMO) device that switches out multiple indepen-
dent DC/DC converters could be the solution for multi-voltage domains [5-7]. The SIMO
DC/DC converter can regulate multiple outputs while maintaining high power efficiency
thanks to a single internal inductor component. The SIMO approach has an advantage over
traditional DC/DC regulators in that it consumes less power and occupies less chip area
than traditional methods, which necessitate the use of multiple independent regulators to
supply multiple domains. Although this strategy helps to increase power efficiency, large
off-chip inductors prevent its use in SoC architecture because they take up a lot of space.
Aside from that, output ripples, switching noise, and cross regulation from the switching
regulator, as well as the failure to provide a clean supply to the device, are significant flaws
in this solution.

In the last decade, the power management integrated circuit (PMIC), consisting of a
switching regulator and several low-dropout regulators, has sparked much interest as a
multi-voltage domain solution. Even though switching regulators do not provide clean
power, they are more efficient than LDOs in terms of the massive voltage drop from input
to output. Because the switching regulator’s output must be ripple-free, the LDO is a good
solution for providing clean power because of its high power supply rejection capability.
Both regulators were built as a single integrated circuit to improve power efficiency and
reduce ripple in the regulated voltage. LDOs are placed in the back end and switching
regulators are placed in the front end. However, when used for an embedded or SoC
solution, the complexity of fabricating inductors for PMIC is a significant disadvantage [8].
Furthermore, PMIC is better suited for high-power systems than low-power solutions.

Because LDO can provide a clean supply with a strong supply rejection ability, it is a
popular alternative to PMIC for supplying different voltages for SoC system applications [9].
However, a large external capacitor was placed at the output LDO to reduce overshoot
and undershoot while maintaining stability. This is difficult for SoC applications due to
space constraints. The use of capacitorless, OCL-LDO to overcome area constraints is
ideal for portable electronic devices and SoC power delivery applications. However, to
support multiple voltage domain operations in SoC, typically multiple LDOs are needed to
accommodate in the SoC, which consumes more area on the SoC chip. Furthermore, power
efficiency in numerous independent LDO have deteriorated because all LDO consume
power continuously, even if some voltage domains only operate infrequently and do not
require constant supply [10].

In addition to multiple independent LDO, researchers are interested in designing LDO
with programmable output voltage [11-13]. The output voltage was varied by changing
the ratio of the feedback resistor via the transistor switch. The control signal activated
and deactivated the transistor switch. The programmable output voltage topologies in the
cited paper [11-13] used control logic, consisting of many CMOS switches in the feedback
network, to vary the output voltage. Various topologies such as multi-voltage control,
adaptive reference control, dynamic voltage, and frequency scaling were used to control
the gate voltage of the CMOS switches to achieve the desired output voltage of LDO. These
circuits consume a large area on the chip.

J. H. Wang et al. proposed a programmable 32-step output voltage that modifies
the digital pulse width modulation (DPWM) clock and supplies it with a clean supply
voltage [14]. The output voltage was modified using digital LDO topology in this technique.
The phase frequency detector detected the clock differences between the reference clock and
DPWM output clock. The output clock of DPWM was fed into the phase-frequency detector,
PFD. When the output clock of DPWM differs from the reference clock in frequency or
phase, the PFD captures it and generates a voltage signal to indicate the variation in phase
or frequency. The main objective of the TDC employed in this design is to convert the
output of the PFD signal into a 5-bit digital signal, which is then used to correct the output
clock of the DPWM by adjusting the output voltage of the proposed LDO regulator, as
explained in reference [14].
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A higher resolution of step size is also necessary for DLDO to ensure that the output
voltage is regulated with high accuracy. Moderate step size or step resolution leads to
drawbacks in output voltage accuracy [14]. However, high power consumption and a
large chip area are the trade-offs for the high-resolution step circuit. Hence, a technique
for programmable reference voltage with a wider input common mode error amplifier has
been introduced in addition to programmable output voltage LDO [15,16].

To address the issues above, the MVD-LDO has been proposed in this work. The
proposed MVD-LDO has an on-chip capacitor and can handle up to 400 mA load current,
making it suitable for embedded and SoC applications. Sections 2 and 3 describe the appli-
cation and circuit architecture of the proposed multi-voltage domain low dropout regulator
with demultiplexer, followed by Section 4, which elaborates on circuit implementation of
multi-voltage domain LDO. Section 5 displays the measurement results of the proposed
design, and Section 6 presents the conclusion.

2. MVD-LDO for RFEH Based IoT Systems

The proposed MVD- LDO is suitable for RFEH-based IoT System on Chip (SoC).
The SoC’s basic building blocks are processor units, sensors, transmitters, and receivers.
Because the SoC contains numerous devices, different voltage rails were required to power
the SoC. Even if each device serves a distinct purpose, it is not necessary to keep them all
turned on at all times because this reduces battery life. As a result, MVD-LDO is a viable
alternative to conventional multi-LDO, which consumes more power, costs more, and takes
up more space. Figure 1 depicts a block diagram of an MVD-LDO for RFEH-based Internet
of Things applications.
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Figure 1. Block diagram of MVD-LDO for RFEH-based IoT applications.

To supply the source, the MVD-LDO'’s output is distributed to all the devices, and
each device’s 10 pin is connected to the processing unit to signal the device’s state while
it is powered up. The processing unit will initially configure the LDO to output the
voltage following the sequence. Once the work is completed, the first device sends an
acknowledgment signal to the processor via an IO pin. In response to the acknowledgement
from the previous device, the processor determines which device should be turned on next.
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As a result, the MVD-LDO is used to implement a power-efficient supply mechanism on
the SoC.

3. Circuit Architecture of MVD-LDO

Figure 2 illustrates the schematic of the MVD-LDO which is capable of producing up
to four regulated output voltages (Vout 1, 2, 3, 4) with a DEMUX controller.
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Figure 2. The circuit architecture of the MVD-LDO.

This MVD- LDO regulator comprises a set of feedback resistors, a pass element, a
low-power error amplifier, bandgap reference voltage (BGR), demultiplexer, and on-chip
load capacitor. A resistive divider of the output voltage generates the feedback voltage,
Vg, which varies proportionally with the output voltage. A reference voltage, VRrgr, is
supplied through the bandgap reference (BGR) circuit. When the feedback voltage, Vg,
deviates from the reference voltage, Vrgr, the error amplifier is used to correct the error
at the output voltage by adjusting the gate voltage of the pass device. The error amplifier
corrects errors by varying the pass transistor’s gate voltage and assuring the regulated
voltage is within design parameters.

The feedback circuit in the proposed MVD-LDO consists of R, Roa, Rop, Roc, and
Ryp to provide four output voltages. In addition, for switching purposes, an NMOS
transistor has been added to each pathway of the feedback resistor. In response to user
input, the demultiplexer activated the gate voltage of an NMOS transistor. Only one output
voltage can be regulated at any given time. The constituent units are discussed in the
following sections.

4. Circuit Implementation of MVD-LDO

Figure 3 depicts a single voltage domain LDO with the output voltage controlled by
feedback resistors or the reference voltage of the op-amp [17].
The LDO’s Vot is given as:

R
Vour = (14 1 )Vrs M
2

where Vg, is the feedback voltage of the single voltage domain LDO. The error amplifier
regulates the gate voltage of the pass transistor by comparing Vg to the reference voltage,
VReg. If an error amplifier’s input is unequal, the pass transistor’s gate voltage is varied
to control the required output voltage. This activity loops indefinitely to ensure that the
output voltage is accurately regulated.
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Figure 3. Conventional LDO regulator.

Off-chip placement of the feedback resistor is common, and the combination of feedback
resistor values is positioned according to the desired regulated output voltage. Unfortunately,
using an off-chip approach raises the design cost and is unsuitable for embedded design. Aside
from that, an incorrect resistor value influences the regulator’s current efficiency, stability, and
other critical parameters, resulting in a system with poor power efficiency.

Altering the reference voltage, Vrgr, while preserving the feedback resistor’s ratio is
an additional way for altering the output voltage [17]. Since the reference voltage usually
supplied from the bandgap reference, which is conspicuous across the process, voltage,
and temperature, and tweaking the reference voltage is not a good solution to achieve
acceptable output voltage. Hence, in MVD-LDO, adjusting the feedback resistor ratio has
been adopted to govern the multi-voltage domain. Figure 4 displays the design of the
MVD-feedback LDO'’s resistor.
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Figure 4. Feedback resistor design of MVD-LDO.

In our work, the bottom resistor of the feedback network circuit has been developed
using a resistor bank, which increases the precision of the output voltage and offers multiple
Vout. Since this design intends to handle four V¢, a total of four resistors, Roa, Rop, Roc,
and R,p, have been added to the bottom of the feedback resistor. NMOS transistors
MNj, MNg, MNc, and MNp, serve as switches. At a given moment, only one path is
activated. In accordance with the ratio of the feedback resistor in the active circuit, the
output voltage is regulated. An on-chip low power consumption demultiplexer design has
been implemented to manage the switches and adjust the output voltage correspondingly.
The power consumption of the DEMUX is only 68.85 pW. This is considered in the worst-
case scenario, when all three inputs of the DEMUX have been turned on.

The digital 2:4 demultiplexer has been utilized on the proposed MVD-LDO. This
demultiplexer uses three input signals, which are one enable pin and two logic input pins,
to generate four output signals that regulate the feedback network’s switched-on state. Ay,
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Aj, Ay, and Aj are the demultiplexer’s output signals, whereas V_A, V_B, and EN are the
input signals

Similar to Vpp, the input voltage of the demultiplexer is 1.5 V. The enable pin, EN,
is employed to activate the LDO regulator. If the EN signal logic is LOW, the DEMUX
is powered off as all four switches are turned off. Therefore, Vg is the same as Vpp. As
a result, the gate voltage of the pass devices rises as the error amplifier’s output voltage
increases, resulting in the eventual shutdown of the LDO. The shutdown process puts the
SoC into sleep mode, critical for conserving battery energy.

To achieve low power consumption, the W/L of the demultiplexer’s transistors are
optimized with reference to (2):

Ipsat = =57 (Vas = Vr)® @

As aresult, the demultiplexer consumes only 30.5 pA and 45.9 pA of current in standby
and operating modes, respectively. The EN is used to toggle between operating and standby
mode. The simulation results of the current consumption of the demultiplexer during
standby and operating modes are shown in Figure 5. The simulation was performed on the
Cadence Virtuoso platform with Silterra CMOS 180 nm process technology.

Simulation results of lpgyyx VS Vinput

20.0p feiimatacla gl o o gl skt :
— 1.4\
15.0p. ..................................... 12V
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00 02 04 06 08 10 12 14 16 18 20
Vinput (V)

Figure 5. Simulation results of MVD-DEMUX’s current consumption.

Most of the logic gate was shut down during standby mode since the EN signal is low.
Therefore, it consumes minimal current. On the other hand, when all logic is enabled, the
current consumption rises rapidly. In the proposed MVD-LDO, the EN, V_A, and V_B must
be set to regulate the 1.4 V. This circumstance causes the DEMUX to consume more current.

Additionally, the MVD-LDO was also designed with high current efficiency. The
current efficiency of the MVD-LDO is dependent on the load and quiescent current. Its
current efficiency is expressed as (3):

. I1oad
CurrentEf ficiency, % = oa x 100% 3
/7 Y Ioad + Ivgr + Iga + IDEMUX + IR ©)

where Ijy,q is the load current, g, is the BGR current, Ig4 is the error amplifier current,
IpEMux is the demultiplexer current, and Iy is the current flowing into the feedback resistor
bank. Optimizing the W/L of the transistors in the BGR, error amplifier, and the demulti-
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plexer reduces the quiescent current without degrading other critical performance factors.
IR is reduced with reference to (4):

Iy = VREF @

where the Vygr is the reference voltage, and reduction of the quiescent current increases
the current efficiency [18].
The simulated quiescent current of the MVD-LDO is plotted in Figure 6.
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Figure 6. Simulation results of the MVD-LDO's quiescent current.

The MVD-LDO is designed to carry 400 mA of load current. To accomplish this,
parallel PMOS transistors operating in the saturation region were implemented as pass
transistors [19], as depicted in Figure 7. The size of the pass transistor is a matter to support
the large current. The load current of the LDO is usually determined by the capacity of the
pass device.
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=

Ve R
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Figure 7. Parallel pass transistor design.

Smaller pass devices can only support a modest load current, whereas larger devices
can support a large current based on the transistor’s capacity. By increasing the size of the
transistor to support higher load current, it impacts the size of the chip. In the proposed
MVD-LDO, multiple transistors are connected in parallel, while the size of each transistor
is significantly smaller. The parallel pass transistor approach increases the capacity of the
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pass device to accommodate large load currents while keeping the transistor size smaller.
The parallel PMOS also significantly reduces the quiescent current. Consequently, LDO’s
current efficiency is enhanced.

The load regulation of the MVD-LDO is related to closed-loop DC output resistances,
Routcl, of the LDO, as illustrated in (5):

- Avout Rout

LR = =R =
Alowe " 14 BgmpRoutAEAO

©)

where gmp is the transconductance of the pass transistor, Royt is the output impedance, {3 is
the feedback factor of the amplifier, and Agp o is the DC gain of the error amplifier.

To achieve good load regulation, the closed-loop DC output resistance, Ry was
designed to be smaller [20]. Referring to (9), the Ryt 1, reduces when the DC gain of the
error amplifier, Aga o, increases. Figure 8 illustrates the high gain op-amp used as error
amplifier in the MVD-LDO.
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Figure 8. Schematic of the high gain error amplifier.

The high gain error amplifier consists of an operational transconductance amplifier as
first stage and a common source amplifier as second stage. The common source delivers
higher output voltage swing. M; and M, are the input stage which operates in the saturation
region. The equivalent transfer function is given as:

K1+ &
H(s) = (1+(S>(1w_'z_)5> (6)
wp1 wp2
The overall DC gain of the error amplifier is given as:
DCGain = gmyy1 * gm0 * (rovz/ /romo) * (roms/ /romio) ()

The MVD-LDO achieves optimum load regulation and transient analysis by boosting
the error amplifier’s DC gain. The transient analysis of the LDO is simulated and plotted
in Figure 9.
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Simulation results of Transient Analysis
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Figure 9. Simulation results of the MVD-LDO'’s transient analysis.

Based on the transient analysis simulation, the output voltage ripple was obtained. It
is evident that without the external capacitor, the output voltage variation is significantly
lower. Figure 10, employed the simulation results of the output voltage ripple for all four
outputs during full-load conditions.
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Figure 10. Simulated output voltage ripple of proposed MVD-LDO.

5. Measurement Results

The proposed multi-voltage domain LDO regulator was fabricated using 180 nm CMOS
process technology to verify the feasibility of the proposed design topology. Figure 11
depicts the micrograph of the proposed LDO.
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0.496 mm

0.3 mm

Figure 11. Micrograph of the proposed MVD-LDO.

The proposed LDO regulator can support a load current of up to 400 mA without
using any external component, especially an off-chip capacitor (Cr). Figure 12 illustrates
the measured multi-voltage domain output voltage from 0.8 V to 1.4 V, with different
configuration during no load conditions. The test configuration setup with digital logic is
presented in Table 1.
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Figure 12. Output voltage of proposed MVD-LDO.
The test configuration setup with digital logic is presented in Table 1.

Table 1. Test configuration of MVD-LDO regulator.

Vout,V V_A V_B
0.8 Low Low
1.0 Low High
1.2 High Low
14 High High
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Line regulation of LDO computes from the measured result from Figure 12 when the
supply voltage is 1.5 V. For output voltage of 0.8 V, the line regulation is 1.85 mV/V, while
for 1.0 V regulated voltage, the line regulation is 2.7 mV/V. Besides this, the line regulation
values for output voltages of 1.2 V and 1.4 V are 2.19 mV/V and 3.53 mV/V, respectively.

The transient analysis of the measured waveform is shown in Figure 13. All four
regulated output voltages look stable.
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16
V_A=15V;V_B=15V;
14 _ : :
V_A=00V;V B=15V; :
1.2 JYYVVY VYV VYV VYV VYVYVYY VYV VVVVVYYVVVYVVVVYVVVYYVWY
S ] 5 a :
< V_A=15V;V_B=0.0V;
+ 10
: 73 A 2
° 5 5 :
> V_A=0.0V; V. B =0.0V;
0.8 oc S be >
e 0.8V
- + - 1.0V
) v— 1.2V
: : = 14V
0.4 1 1 I 1 1
0.0 2.0p 4.0p 6.0p 8.0p 10.0p

Time (s)

Figure 13. Transient analysis of proposed MVD-LDO.

Figure 14 demonstrates the quiescent current of the multi-voltage domain LDO regu-
lator for each test configuration. During this measurement, the regulator connects to zero
load. Based on the measured results, the lowest quiescent current is 46.8 pA, while the
highest is 52.9 pA with the output voltage of 0.8 V and 1.4 V, respectively. The highest
multi-voltage domain output voltage contributes to the largest quiescent current, while
otherwise, the relationship is reversed. The results dictate that output voltage is directly
proportional to quiescent current. This quiescent current is the total operating current for
bandgap reference, differential amplifier, and demultiplexer, which operate during no-load
and full-load conditions.
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Figure 14. Quiescent current of proposed MVD-LDO.

The load regulation on the multi-voltage domains is shown in Figure 15. The output
voltage was measured while varying the load from no-load condition to full-load condition
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with current step of 20 mA. The load regulation values for multi-voltages of 0.8 V, 1.0 V,
1.2V,and 1.4V are 0.0003 mV/mA, 0.000325 mV/mA, 0.0004 mV/mA, and 0.079 mV/mA,
respectively. Like line regulation, the load regulation has the smallest load regulation when
the lowest multi-voltage domain voltage is highest when the output voltage is huge.
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Figure 15. Measured load regulation of proposed MVD-LDO.

Current efficiency is an important parameter in LDO regulators as the input and
output current are close enough. To evaluate the current efficiency of the regulator, the
input current and output current were measured during the full-load condition. Based on
the measured results, the current efficiency of the regulator for all four output voltages is
computed and displayed in Table 2.

Table 2. Current efficiency of proposed MVD-LDO.

Voutput,V Loutput,mA LinputmA Power Efficiency, %
0.8 399.5 399.6 99.98
1.0 399.5 399.8 99.98
1.2 399.7 399.8 99.98
14 397.0 397.1 99.98

The current efficiency of the MVD-LDO regulator was about 99.98% for all four tested
configurations.

Table 3 summarizes the performance of the proposed multi-voltage domain LDO
regulator and compares it with other state-of-the-art LDOs.
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Table 3. Summarized performance of proposed MVD-LDO compared with other state-of-the-art
LDOs.

Reference [8] [21] [22] [23] [24] This Work
Year 2021 2017 2020 2020 2019 2022
Topology Multi Domain LDO LDO LDO LDO DLDO Multi Domain LDO
Technology (nm) 180 130 40 180 65 180
Chip Area (mm?) 0.49 0.1825 None 0.037 None 0.149
Input Voltage, Vin(V) 3.3-3.6 1.05-2.0 1.1-1.9 1.4-1.8 0.8-1.2 1.5
Output Voltage, Vin(V) 32(24,16,0.8)! 1.0 0.2-1.1 1.2-1.6 0.6-1.15 0.8;1.0;1.2;1.4) !
Dropout voltage, Vpo(mV) 100 29.7 200 200 200 100-700
Load Current, I}p,q(mA) 50 300 100 300 50 400
Quiescent Current, Ig(nA) 239 14-120 56 0.94-255 26.25-105 46.83-52.88
Current efficiency, % 96.5 99.96 99.94 99.92 None 99.98

Load regulation (mV/mA)

Line regulation (mV/V)
Output Capacitor, Co (uF)

(Vourn: 4.38 x 1077;

0.176 @ VOUT = 0.2;

Vour: 313 x 10-6)%; 0.006 02@ Vour =1.1 0.1 None 0.0003-0.079;
0.857@ Vour =0.2;
1.13 0.44 50@ Vour = 1.1 5.33 None 1.85-3.53
None 1 1 1 0.1 None

1 Multi-voltage domain. 2 Unit for load regulation is %/mA.

6. Conclusions

This paper proposes a capacitorless multi-voltage domain low-dropout regulator
(MVD-LDO) in 180 nm CMOS. The MVD-LDO can operate at 1.5 V, encompass a broad
output range of 0.8V to 1.2V, and provide 400 mA to each of its four output voltage domains.
A low-power integrated demultiplexer realizes this efficient multiple output voltage. In
addition, the MVD-LDO draws 46.83 1A for lower output and 52.88 1A for higher output
in the absence of load. The design of the error amplifier was optimized with a high DC
gain, resulting in outstanding load and line regulation of 0.001 mV/mA and 1.85 mV/V,
respectively. With a load of 400 mA and across the entire voltage domain, the current
efficiency was 99.98%, making this an efficient power management component unit for RF
energy harvesters.
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Abbreviations

The following abbreviations are used in this manuscript:

LDO Low dropout
MVD-LDO  Multi-voltage domain LDO
RFEH Radio frequency energy harvester
DLDO Digital low dropout
BGR Bandgap reference
EA Error amplifier
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Abstract: We propose a self-powered remote multi-sensing system for traffic sensing which is
powered by the collective energy harvested from the mechanical vibration of the road caused by
the passing vehicles and from the temperature gradient between the asphalt of the road and the soil
underneath. A stacked piezoelectric transducer converts mechanical vibrations into electrical energy
and a thermoelectric generator harvests the thermal energy from the thermal gradient. Electrical
energy signals from the stacked piezoelectric transducer and the thermoelectric generators are
converted into usable DC power to recharge the battery using AC-DC and DC-DC converters working
simultaneously. The multi-sensing system comprises an embedded system with a microcontroller that
acquires data from the sensors and sends the sensory data to an IoT transceiver which transmits the
data as RF packets to an ethernet gateway. The gateway converts the RF packets into Internet Protocol
(IP) packets and sends them to a remote server. Laboratory and road-testing results showed over
98% sensory data accuracy with the system functioning solely powered by the energy harvested from
the alternative energy sources. The successful maximum transmission distance obtained between
the IoT, and the gateway was approximately 1 mile, which is a considerable transmission distance
achieved in an urban environment. Successful operation of the self-powered multi-sensing system
under both laboratory and road conditions contributes considerably to the fields of energy harvesting
and self-powered remote sensing systems. The energy flow chart and efficiency for the steps in the
system were found to be mechanical power from vehicles to the energy harvester of 0.25%, stacked
PZT transducer efficiency was found to be 37%, and for the TEGs the efficiency is 11%. AC-to-DC
and DC-to-DC converters’ efficiencies were found to be 90% and 11%. The wireless communication
RF transceiver efficiency was found to be 62.5%.

Keywords: remote sensing; IoT transceiver; gateway; the things network (TTN); stacked PZT
transducer; thermoelectric generator (TEG); energy converter

1. Introduction

The advent of smart technologies in all aspects of our life has given an incredible boost
to the use of remote sensing with real-time data transmission ability and high data accuracy.
Remote sensing is in widespread use among various industries, research works, and in our
smart homes. Sensing and data acquisition are parts of an essential revolution taking place
to automate every walk of our lives. From space exploration to underwater research, every
venture is assisted to a great extent by the use of sensing technologies and data acquisition.
Remote sensing, in particular, is widely used across research works and industries for
acquiring data wirelessly from the sensor. This not only reduces the installation cost by
eliminating wires but also allows users to be stationed far from the site of sensing. Remote
sensing is the backbone of IoT technology across all applications and, hence, it is an integral
part of automation where IoT devices are at the forefront. Most remote sensing that is in
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use or in the process of being used depends on either batteries or conventional power to
run them. Batteries have a lifetime and then need to be disposed of while the devices are
replaced with new batteries. This action adversely affects the climate and environment
by disposing of toxic materials such as lead. As the widespread use of IoT devices is
taking place, more batteries will need to be disposed of, consequently contributing to dire
climate and environmental scenarios. The conventional perspective of fighting this climate
and environmental effects is to focus on increasing the use of already widely accepted
renewable energy sources. These are mainly solar, wind, thermal, and hydropower. Ritchie,
Hannah, Max Roser, and Pablo Rosado mentioned this in their paper [1]. Figure 1 shows the
energy generation for each category of renewable energy sources until the year 2019 from a
survey done by British Petroleum (BP). This indicates the vast difference between hydro
and wind energy generation with solar and other renewable sources. The other renewables
also consist of biofuel and thermal sources. However, there are many other sources of
energy in the surroundings that can be harvested and used for various applications. As the
data show, there is not much work done or underway to harvest and use these alternative
energy sources which are readily available in the surroundings.

Renewable energy generation, World Snie

in Data

7,000 TWh
Other

renewables

6,000 TWh

5,000 TWh

Wind

4,000 TWh

3,000 TWh

Hydropower

2,000 TWh

1,000 TWh

0 TWh
1965 1970 1980 1980 2000 2010 2019

Figure 1. Categories and amount of renewable energy generation (2020) [1].

Lukai Guo and Qing Lu mentioned the concept of collective energy harvesting from
pavements using piezoelectricity and thermoelectric generators in their review paper [2].
They stated that most studies on the piezoelectric effect application with piezoelectric trans-
ducers (PZTs) showed its limitation in the amount of instantaneous electricity output, while
a limited number of studies indicated that a pipe system cooperating with a thermoelectric
generator (TEG) may produce more electric power and so has more application potential
in energy harvesting pavements. As per their paper, a piezo-thermoelectric (PZT-TEG)
system is most effective given the cost-benefit consideration compared to only having
PZTs embedded in the pavements. Lallmamode, MA Mujaahiid, and AS Mahdi Al-Obaidi
presented a PZT-TEG system to harvest energy from vehicle transportation on highways [3].
However, the electrical energy output from their system, which is 0.2 mW, is not enough
to sustain the functional operation of a remote sensing system. Han, Yanhui, Yue Feng,
Zejie Yu, Wenzhong Lou, and Huicong Liu also presented a piezoelectric energy harvesting
sensor network deployed in a weak vibration environment [4]. The system they presented
is very complex with a battery-powered voltage controller. Also, the energy conversion
efficiency is reported to be 42%, which is not efficient enough considering the energy conser-
vation requirement for any alternative energy harvesting system. Mysorewala, Muhammad
Faizan, Lahouari Cheded, and Abdul Rahman Aliyu also mentioned exploiting hybrid
energy harvesting techniques (for example, using wind-solar—thermal energies for outdoor
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harvesting and radiation vibration for indoor harvesting, with both sets of combined energy
sources working either in conjunction with or independently of the normally used batteries)
as these combined techniques tend to compensate for one another, thus increasing the
likelihood of securing an uninterruptible energy source for the wireless sensor network [5].
Shaikh, Faisal Karim, and Sherali Zeadally, in their comprehensive study of different energy
harvester systems for wireless networks, mentioned electrostatic or piezoelectric gener-
ators as harvesters for harvesting mechanical vibrations [6]. The piezoelectric generator
they stated has an output of 115.2 mW. This generated power is insufficient to provide
sustainable energy to a relatively long-range wireless communication remote sensor since
communication consumes the most energy of a remote sensing system. This paper presents
research that focuses on harvesting mechanical vibrations from roadways and the thermal
gradient between the asphalt on the road and the soil underneath. The energies harvested
from these sources are then converted into electrical power to run an IoT-based remote
multi-sensing system. Transducers are required to convert the mechanical vibrations and
thermal gradient into electrical power. In this research, we are using a stacked PZT (lead
zirconate titanate) transducer and a combination of thermoelectric generators (TEGs) to
convert the mechanical vibrations and thermal gradient, respectively, into electrical energy.
An earlier work of the authors used the same stacked PZT transducer to conduct multi-
sensing, however, using Bluetooth low energy (BLE) as the communication protocol [7].
Thus, the communication range was limited to approximately 10 feet. This research aims to
overcome and resolve some of the shortcomings of contemporary remote sensing systems
that are using alternative energy source harvesting to power relatively long-range wireless
communication protocols for remote sensing. Improvements in the areas of material engi-
neering of the PZT transducer to the heat sink design are incorporated to produce sufficient
energy that can sustain a functional IoT-based remote multi-sensing system.

2. Materials and Methods
2.1. Energy Harvesters: Stacked PZT Transducer and Thermoelectric Generators (TEGs)

The generation of electrical charges in response to applied mechanical stress is known
as the direct piezoelectric effect, while the generation of mechanical strain in response to
electrical charges is known as the converse piezoelectric effect [8,9]. The electromechanics
underlying the direct piezoelectric and converse piezoelectric effects can be best explained
with Equations (1) and (2), where x is the mechanical strain [m/m], E is the electric field
[V/m], and, in Equation (2), P represents electric displacement [C/ m?2] and X is the stress
[N/m?]. In both equations, d is the piezoelectric coefficient [C/N or m/V] which determines
the sensitivity of the response of the sample under stress or in an applied electric field [8].
These relationships of piezoelectric materials can be utilized to make piezoelectric materials
function as energy harvesters.

Direct piezoelectric effect : P; = dj;; X (1)

Converse Piezoelectric effect : x;; = d;jxEx (2)

The stacked PZT transducer is custom fabricated from thin plates of PZT-5H-based
soft PZT materials. The advantage of using PZT-5H is that it is easily polarized compared
to PZT-8, which is a hard PZT material. Figure 2a shows the design of the assembled
stacked PZT transducer. The transducer consisted of 21 active plates and one insulating
plate. Each PZT plate was of a length and width of 20 mm and a thickness of 2 mm.
To ease the alignment issues during fabrication, the stacks were first built in separate 10
and 11 plates and then combined. Indium was chosen as the electrode bonding between
the plates and is connected in a way that forms parallel connections between the plates.
The final fabricated stacked PZT transducer is shown in Figure 2b, with the dimensions
h =50 mm and 1 = w =20 mm [8].
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Figure 2. (a) Block diagram of the assembled stack, (b) final stacked PZT transducer [7].

Gamboa et al. fabricated a stacked PZT transducer for optimized energy harvesting [8]
and compared it with various piezoelectric transducers for optimized energy harvesting.
Gamboa et al. conducted testing and evaluation of three types of stacked PZT transducers:
a 1:3 composite stacked PZT transducer, a specially designed and fabricated stacked
PZT transducer, and a commercially available stacked sample. PZT-5H samples were
used to assemble the stacked PZT transducer. Piezoelectric material PZT-5H is used to
harvest energy in wireless sensor networks due to its very high permittivity and sensitivity
properties. These materials have electromechanical properties which are used to harvest
energy [9]. The fabricated transducer gave maximum power density per unit of transducer
volume, measured at 0.615 mW /mm? at 965 KN /m? (140 psi). Considering power density
per unit of transducer volume as the more appropriate way of determining the type of
stacked transducer to be used, the fabricated stacked PZT transducer was chosen to be
used for this research. The PZT plates are mechanically in series and electrically in parallel
to increase the current from the stacked PZT transducer.

Thermoelectric generators (TEG) are solid-state semiconductor devices that convert a
temperature difference and heat flow into a useful DC power source. Thermoelectric gener-
ator semiconductor devices utilize the Seebeck effect to generate voltage. This generated
voltage drives electrical current and produces useful power at a load. The Seebeck effect is
the generation of electricity between a thermocouple when the ends are subjected to the
temperature difference between them. A combination of four thermoelectric generators
is used in the research. Bismuth telluride (BipTe3) TEGs were selected due to the high
figure of merit. The figure of merit is the number used to determine the efficiency of a TEG
to convert a temperature difference into useful electrical energy. The figure of merit for
different materials varies with temperature. Considering the system will be deployed in
Texas, where maximum temperature difference occurs during summertime causing the
asphalt temperature to reach 400 K, bismuth telluride TEGs have the highest figure of merit
at this temperature. Figure 3a illustrates the Seebeck effect considering the temperature
gradient between the asphalt and the surrounding soil. The heat flows from the asphalt to
the soil underneath. Heat sinks are used between the top and bottom plates to carry the
heat from the asphalt to the top metal junction of the TEGs. The bottom metal junction of
the TEGs is at the same temperature as the soil underneath the asphalt. Figure 3b shows
the COMSOL model of the heat sink concept as a module with the TEGs as well as isolated.
Figure 3c shows the fabricated heat sink module along with TEGs inside. The heatsink
design was validated by COMSOL simulation, and the model indicated the TEG was able
to increase the temperature difference across the TEG from 0.1 °C to 1.1 °C [10]. The TEGs
were tested with the module in direct sunlight. A total of 4 TEGs are divided into 2 groups,
each comprising 2 TEGs connected in parallel are in series with the other group, making
4 TEGs in total. This combination is done to attain optimized voltage and current from the
TEGs. The stacked PZT transducer has an energy conversion efficiency of 37% and each
TEG has an efficiency of 11%.
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Figure 3. (a) Illustration of the Seebeck effect. (b) COMSOL model of the heat sink in the module
along with heat sink isolated. (c) The fabricated TEG and heat sink module [10].

2.2. Converters for Stacked PZT Transducer and TEGs

The electrical signals from the stacked PZT transducer and the TEGs are sinusoidal
and DC, respectively. Hence, it is required to have a combination of AC-to-DC and DC-
to-DC boost conversions in the system. The voltage from the stacked PZT transducer
is very high and, hence, needs to be reduced. The voltage from the TEGs is low and,
hence, is required to be boosted to the charging voltage of the battery. The AC-to-DC
conversion aims at collecting as much charge as possible from the PZT. As per the maximum
power transfer theorem, maximum power transfer from the source to the load is attained
when the impedances of the source and the load match. The stacked PZT transducer can
be represented as an electrical circuit consisting of a current source, a resistance, and a
capacitor all in parallel. The electrically parallel combination of the PZT plates in the
stacked PZT transducer creates an increase in the capacitive impedance of the circuit which
leads to lower total impedance of the source. This is an important feature as it facilitates
impedance matching with the impedance of the AC-to-DC converter, which is typically
lower. Consequently, higher charge collection is made possible due to the impedance
matching. The AC-to-DC converter also abruptly and efficiently reduces the high voltage
generated by the stacked PZT transducer by rapidly collecting the charges once they are
generated. Since the transducer acts as a capacitor, its voltage is a function of the charges
accumulated in the transducer. Once these charges are extracted from the transducer to
charge the battery, the high voltage generated by the transducer drops abruptly. Hence,
a capacitor-based converter is selected since a capacitor acts as a short circuit at the start.
Consequently, the generated charges are collected immediately to drop the voltage of the
transducer. An EH301A (Sourced from Advanced Linear Devices Inc., Sunnyvale, CA,
USA) energy harvester, shown in Figure 4a, is used as the AC-to-DC converter for the
stacked PZT transducer. It is equipped with a 3300 uF storage capacitor which is charged
by the charges from the stacked PZT transducer. The output voltage rises until it reaches
the charging voltage of the battery when the accumulated charges are transferred into the
battery until the output voltage drops below the charging voltage and the cycle repeats.
This cycle and different stages are shown in Figure 4b, where Vp represents the output
voltage of the converter which switches between Vi and Vi, representing high and low
voltage levels. The conversion efficiency of the AC-to-DC converter was found to be 90%.

The voltage from the TEGs, which is 120 mV, is very low and needs to be boosted
to the charging level of the battery. ELC-BVB120 boost convert is selected for the TEGs
because its conversion efficiency was experimentally found to be 86% while converting
120 mV to about 4 V with a load. The objective was to have both AC-to-DC and DC-to-
DC boost converters operate simultaneously, charging the rechargeable battery pack of
NiCad batteries. The Pspice model for the combined converter design is shown in Figure 5.
It was recorded that multi-sourcing energy is very possible by the carefully designed
electronic module. Minimum energy sourced from harvesters that can be converted to
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collect energy cumulatively to charge a battery thus also proved to have high efficiency of
the module. Four TEGs are connected to the DC-rail using the concept that was presented
before. Current responses are equivalent to what one should expect from a TEG at the
10 V (open circuit) output of the boost converter. A low thermal variant, that is, a small
temperature difference across the TEG plates, is considered in this simulation because the
soil is an excellent thermal conductor and, hence, the temperature difference is assumed to
be small between the asphalt on the road and the soil underneath. To make more rigorous
verification of the design, TEGs were given some uneven internal impedance to create
non-uniform current responses. All resistors are used in line with the energy source of
devices to control current and make them equivalent to the actual test results obtained
from the boost converters. Since boost converters were not incorporated into the schematic,
equivalent circuits were designed in the schematic. All multi-sources at PZTs” AC-rail and
TEGs’ DC-rail are acting to charge the battery flawlessly. Continuously feeding current
is possible by this technique, because a rechargeable battery is a very large capacitor in
real life. The real-time tested power was observed to be more than expected, with an
improvement of 30.27% in efficiency. Inductive and capacitive converter combinations
might have produced better impedance responses, resulting in a higher current to charge
the battery. Figure 6 shows the stacked PZT transducer, TEG heatsink modules, and the
converters inside the mechanical enclosure called HiSEC (Hybrid Integrated Sensing and
Energy Conversion) module.

3300uF

(b)

Figure 4. (a) EH301A energy harvester with 3300 uF storage capacitor. (b) Charging and discharging
cycle of the EH301A energy harvester.
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Figure 5. Pspice model design of an equivalent circuit of the system for verification.
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Figure 6. Hybrid Integrated Sensing and Energy Conversion (HiSEC) module with the stacked PZT
transducer, heat sinks for the TEGs, and the converters.

2.3. Sensor Hardware, Algorithm, and Wireless Communication

Three sensing parameters are transmitted over wireless communication. The system
is developed to be deployed buried under the roadway as it is intended to harvest energy
from the vehicles passing over the road and the thermal gradient between the asphalt
and the soil underneath. A PZT-5H based 2 mm x 2 mm x 2 mm piezoelectric plate was
used as the piezoelectric-based pressure sensor to estimate the weight of the vehicle. The
PZT plate also acts as the sensor counting the axle counts of the vehicles. Two negative
temperature coefficient (NTC) temperature sensors were used to read the temperature
difference between the asphalt and the soil. Figure 7a shows the piezoelectric pressure
sensor and Figure 7b shows the NTC based temperature sensors installed on the heat sink
and the lower plate of HiSEC. A microcontroller with an algorithm coded does all the
computation required to estimate the sensing parameter values. The microcontroller used in
the research is a 16 MHz ATmega328P-based microcontroller called Arduino Nano (Sourced
from Microchip Technology Inc., Chandler, AZ, USA) which uses RISC architecture with an
ADC resolution of 10 bits. It has a flash memory of 32 KB, of which 2 KB is occupied by the
bootloader. The other smaller option was Arduino Pro Mini, which also has lower power
consumption. However, Arduino Pro Mini does not come with a USB port and, hence, it is
difficult to load programs onto it. Also, Arduino Nano does not occupy much space and
the slightly higher power consumption compared to Arduino Pro Mini is compensated for
by the ease of programming and reprogramming if required.

The communication protocol used in the research is LoRa WAN with an operating
frequency of 915 MHz and the default server used to collect and display the sensor data is
called The Things Stack or TTN server, which is a LoRa WAN network server. The LoRa
WAN protocol uses Chirp Spread Spectrum (CSS) modulation technology. The hardware of
the LoRa WAN consists of an IoT transceiver with a patch antenna fabricated on it which
can be extended into a dipole antenna by soldering it. An ethernet gateway is connected
to the internet through an ethernet connection. The IoT transceiver receives serial data
from the microcontroller of the embedded multi-sensing system using a Serial Peripheral
Interface (SPI) protocol embedded in the codes. The serial data are then converted into radio
frequency (RF) packets and sent wirelessly to the nearby The Things Network gateway
which converts these RF packets into Internet Protocol (IP) packets and transmits them to
The Things Network (TTN) server as a stream of hexadecimal values. Since the hexadecimal
version of the data—which is the default data type on the TTN server—is not user-friendly,
a console server is established to display the sensory data in a user-friendly manner. This
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was done by a Java script and a free server account. This script takes the hexadecimal data
from the TTN server and segregates them under the corresponding sensor category and
displays them as decimal values on the console server. The hardware of the LoRa WAN
and the entire communication steps are shown in Figure 8. The completed prototype of the
HiSEC is shown in Figure 9.

(@)

Stacked PZT
transducer

20mmX20mm X 2mm PZT plate for
weight sensing purpose

NTC Sensor Sensing High
Temperature (T,)
AT=T,-T,

NTC Sensor Sensing (b)
surrounding Soil Temperature
T

Figure 7. (a) Piezoelectric transducer-based tire pressure sensing. (b) Temperature difference mea-
surement using NTC temperature sensors.
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Figure 8. (a) TTN IoT transceiver. (b) TTN ethernet gateway. (c) Flow chart illustrating the communi-
cation steps.
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Figure 9. A prototype demonstration unit of HiSEC with main components labeled.

3. Results and Discussion

An MTS Acumen electrodynamic testing platform is used to test the system in a
laboratory environment under various forces and frequencies (Figure 10). These forces
are used to test the electrical power conversion from mechanical vibrations of the stacked
PZT transducer. Real-time sensory data in hexadecimal forms and decimal forms were
displayed on the TTN server and the console server, respectively. Power measurements
from the stacked PZT transducer and the TEGs were also recorded under various forces
and temperature differences. Several forces at different frequencies are used to test the
HiSEC; also, temperatures were varied over a range to replicate the temperature gradient
expected under roads in Texas. Two sensory parameters were recorded during the tests to
prove the concept, vehicle weight, and axle count (represented as vehicle count). Figure 11
shows the real-time sensory data displayed on the TTN server and the console server when
the MST Acumen ran with 1.5 KN of force at 10 Hz for 60 s. Similar data for 2 KN of force at
10 Hz for 60 s are shown in Figure 12. These equal 101.6 kg (224 Ibs.) and 203.2 kg (448 lbs.)
of forces at 10 Hz for 60 s, respectively.

MTS Acumen electrodynamic
testing platform

HiISEC prototype under test

Figure 10. HiSEC prototype under test using MTS Acumen electrodynamic testing platform.
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APPLICATION DATA

uplink  downlink activation ack error
Filters
time counte port
a 14:28:36 48 1 payload: 00 00 EO 3A 0% 00 00 00 00 00 00 00 00 00 0000 00 C
- 47 1 payload: 00 00 EO 3A 0% 00 00 00 00 00 00 00 00 00 00 00 00 C
- 14 46 2 payload: 00 00 EO 3A 0% 00 00 00 00 00 00 00 00 00 000000 C
Main Page
Show: Search
50 :
Count ¥ Date Time Port Payload Vehicle Count
97 04/02/2020 14:31:17 1 224 589
96 04/02/2020 14:31:14 1 224 589
94 04/02/2020 14:31:07 1 224 589
93 04/02/2020 14:31:04 1 224 589
92 04/02/2020 14:31:00 1 224 589

Figure 11. Sensory data (1.5 KN, 10 Hz, for 60 s) displayed in hexadecimal format on the TTN server
and converted into a decimal format to be displayed on the console server by the Java script.
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- 14 1 14 1 »d: 00 2C 08 3A 09 00 00 00 00 00 00 00 0000 00 00 00 00 00

4 14:38:58 13 1 payload: 002C 08 3A 09 00 00 00 00 00 00 00 00 00 00 00 00 00 00

- 14:38:54 12 1 002C 08 3A 09 00 00 00 00 00 00 00 00 00 00 00 00 00 00

4 14:38:51 1 1 002C 08 3A 09 CO 00 00 00 00 00 00 0000 00 00 00 00 00

Main Page
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39 04/02/2020 14:40:23 1 448 589

38 04/02/2020 14:40:20 1 448 589

37 04/02/2020 14:40:16 1 448 589

Figure 12. Sensory data (2 KN, 10 Hz, for 60 s) displayed in hexadecimal format on the TTN server
and converted into a decimal format to be displayed on the console server by the Java script.
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Similar testing of the system was also conducted on the roadways with successful
results. A wooden ramp was used to drive cars over it while the HiSEC was in place on the
ramp, as shown in Figure 13. The maximum communication range is over a distance of
approximately 1.12 km in an urban environment. However, the range was expected (more
than 1 mile) to be farther than achieved without an intermittent drop in the communication
channel operating at 915 MHz. Path loss will represent the amount of energy lost in free
space over a distance between the transmitter and the receiver. The farther away Tx is from
Rx, the lower the energy is. Path loss is usually expressed as shown in Equation (2):

_ (4md _ (4mdf
FSPL = <A> X2 = <c> X 2 3)

where FSPL = Free Space Path Loss, d = distance between Tx and Rx in meters, and
f = frequency in Hertz. There is also a widely used logarithmic formula for free space
attenuation as shown in Equation (3):

FSPL(dB) = 20 log;,d + 20 log,, f — 147.55 4)

Wooden Ramp

Figure 13. Road testing of the HiSEC module with the TTN ethernet gateway placed 30 m from
the ramp.

The transmitter and the receiver are located 1.12 Km, which is 1120 m when the system
was tested outside. Putting d = 1120 m in the above formula, the FSPL comes out to be
27.34 dB.

COMSOL modeling and simulation of the dipole antenna between two metal plates
were done to find the reasons for the shorter communication range and unstainable com-
munication. It was concluded that the electromagnetic waves from the antenna cause eddy
currents to develop at the metal plates, which inhibit the transmission of the radio frequency
signals to the ethernet gateway. The COMSOL simulation result is shown in Figure 14.
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Figure 14. (a) COMSOL model of a dipole antenna between two metal plates. (b) COMSOL model
simulation showing electric fields developing at the plates’ surfaces due to eddy currents.
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The sensory data attained 98% in data accuracy for dynamic sensing of vehicle weights
and axle counts, which is significantly higher than contemporary systems and conventional
weight-in-motion (WIM) systems. Experimentally, the power consumption of the IoT
transceiver was found to be 40 mW for 15 s each time it transmits data. That is, 0.6 W power
is required for every transmission. The batteries used in the system have 800 mA-h at 3.6 V,
equal to 2880 mW per hour, which is sufficient enough to restore operation during a lack
of energy from the transducer. For estimating the energy that will be generated by the
stacked PZT transducer and the TEGs, we considered the US-59 highway as an example.
Table 1 provides the traffic data of highway US-59 by the Texas Department of Transport
(TxDOT). Here, ADT is average daily traffic and ADDT is average daily truck traffic. It
also gives the average truck speed, which is 29.73 ms~!. The stacked PZT transducer
generated on average approximately 0.8 mW of power at 140 PSI. From the traffic data
and the experimentally found power generation data, it can be stated that the stacked PZT
transducer will generate approximately 4 W of power per day while the TEGs will generate
on average 1 W of power per day. Thus, approximately eight successful transmissions can
be done using the energy generated collectively from the stacked PZT transducer and the
TEGs. This consumption can be reduced by increasing the period between each wireless
transmission. Hence, it can be estimated that the power generation will be sufficient enough
to replenish the battery power consumed by the IoT transceiver.

Table 1. US-59 traffic data collected (TxDOT).

# Parameter Value
1 Speed Limit (mph) 75

2 Average truck speed (mph) 66.5
3 Design lane (outside lane) ADT 4208
4 Design lane (outside lane) ADTT 1599
5 Tire pressure (PSI) (vary from truck to car) 30-120

From the electromechanical testing of the HiSEC, it was found that the mechanical
energy input from the crosshead of the testing platform to the HiSEC was 3.15 W and the
8mW energy eventually reached the stacked PZT transducer, resulting in 0.25% energy
conversion efficiency. This is aligned with our estimate of the roadway scenario since
it is estimated that only a small amount of the mechanical energy will reach through
the asphalt, grave, soil, and then to the stacked PZT transducer. The LoRa WAN IoT
transceiver output power is limited to 25 mW, resulting in an electrical-power-to-signal-
power conversion efficiency of 62.5%. This research was intended to prove the concept and
efficacy of an IoT-based multi-sensing system, and the efficiency of the developed system
is measured in terms of the successful functionality of the system powered exclusively by
the energy harvested from the stacked PZT transducer and the thermoelectric generators.
The experimental results show that the system is capable of operating successfully with
the harvested energy by the energy harvesters. The HiSEC module, which is an integrated
system housing the energy harvesters, converters, sensors, and embedded data acquisition
circuit, and the IoT transceiver is 12-inch X 12-inch X 2-inch in dimension. However,
the module can be redesigned with smaller dimensions for formfitting any particular
application. The application of this system can be in the fields of industries to research
works where low-power remote sensing plays an essential role and where there is scarcity
and inconvenience to the access of conventional power. This system can also play a part in
increasing the life span of the batteries of IoT devices and, hence, will positively impact
the environment. The system and the processes utilized in the HiSEC can be divided into
energy domains, and each domain has its energy conversion efficiency.

4. Conclusions

The work presented in this paper aimed to resolve some of the most critical difficulties
involving the widespread use of alternative energy sources as power sources for wireless

84



Micromachines 2023, 14, 1428

communications in remote sensing. The HiSEC module is powered by a stacked PZT trans-
ducer acting as a mechanical energy harvester and TEGs harvesting thermal gradient. High
accuracy of the sensory data was achieved for road traffic axle count, vehicle weight, and
temperature difference sense. The system resolves the issues mentioned in contemporary
literature by not only achieving high sensing accuracy but also ensuring sustainability in
remote sensing data transmission. In comparison to the harvesters for wireless networks
mentioned in the literature, which generate power in the microwatt range, the harvester in
this research generates power in the range which is sufficient enough to sustain wireless
communication for remote sensing. Hence, the power generated is also a significant im-
provement from contemporary harvesters. However, the standout factor for the developed
system in comparison to the state-of-the-art is the energy-efficient way of utilizing the
generated power to successfully conduct multi-sensing and wireless communication. The
entire system is programmable and additional sensing capabilities can be incorporated with
ease. This facilitates the adaptability of the system for multiple applications. The proof of
work of this research can be utilized in many ways for other sensing applications powered
by alternative energy sources. Through this research and its impact, we envisage an entirely
new generation of IoT-based remote sensing based on the concept of being powered by
the energy harvested from various alternative energy sources, leading to a positive impact
on the environment and significantly extending battery life span. Future improvements
include resolving the communication issue with an antenna between the metal plates of
the HiSEC and also improving the electrical power output from the harvesters.
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Abstract: To explore the versatility of speakers, a piezoelectric micro-electro-mechanical system
(MEMS) speaker combining the function of a silent alarm is proposed, which mainly comprises a lead
zirconate titanate (PZT) actuation layer and a rigid—flexible coupling supporting layer. Measurements
performed on encapsulated prototypes mounted to an artificial ear simulator have revealed that,
compared to a speaker with a rigid supporting layer, the sound pressure level (SPL) of the proposed
piezoelectric MEMS speaker with a rigid—flexible coupling supporting layer is significantly higher
and is especially higher by 4.1-20.1 dB in the frequency range from 20 Hz to 4.2 kHz, indicating
that the rigid—flexible coupling supporting layer can improve the SPL significantly in low frequency.
Moreover, the spectral distribution characteristic of its playback audio is similar to that of the
commercial electromagnetic type. The device can also function as a silent alarm based on oral
airflows in dangerous situations, as it performs well at recognizing words according to their unique
voltage-signal characteristics, and can avoid the effects of external sound noise, body movement,
long distance, and occlusion. This strategy provides inspiration for functional diversification of
piezoelectric MEMS speakers.

Keywords: piezoelectric; micro-electro-mechanical system (MEMS); rigid—flexible-coupling; speaker;

silent alarm

1. Introduction

Over recent years, there has been much research interest in audio electronics, such as
micro speakers [1,2], hearing aids [3,4], and speech recognition sensors [5-7]. These single-
function devices have greatly improved people’s quality of life, but they are still far from
meeting the ever-increasing demands for convenience. Therefore, to avoid the inevitable
heaviness and messiness caused by wearing various single-function devices, dual function
or multifunction wearable devices have become desirable and constitute new research
trends [8-12]. In particular, the rapid development of micro-electro-mechanical system
(MEMS) technology is expected to realize the low-cost mass production of such devices.

Existing speakers are mainly divided into electromagnetic, electrostatic, and piezoelec-
tric types according to the working mechanism. The traditional electromagnetic speaker
based on electromagnetic induction still cannot be replaced by the MEMS one because of its
relatively large permanent magnet [13,14]. Despite offering benefits such as low membrane
mass and ease of integration, electrostatically-driven capacitive MEMS speakers are still
subject to limitations such as the pull-in effect and the requirement for high driving voltage,
as highlighted in [15,16]. Piezoelectric MEMS speakers based on the reverse piezoelectric
effect are gradually attracting attention for the advantages of low power consumption,
high theoretical sound pressure level (SPL), fast response, as well as being dust-free, and
viable for mass production. Therefore, piezoelectric materials provide a potential solution
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for MEMS speakers [17-19]. Researchers have developed various piezoelectric materials,
such as ZnO [20,21], AIN [22], PZT [23,24], PMN-PT [25-27], and PZN-PT [28]. The present
choice of sputtering piezoelectric PZT thin film as the preferred material is related to not
only our material preparation process but also the fact that PZT has the advantages of
higher piezoelectric charge constant and electromechanical coupling coefficient [29-31].

Although researchers have adopted new working principles, structures, and driving
electrodes [2,29,32,33], piezoelectric MEMS speakers still suffer from the challenge of low
SPL, and therefore cannot realize multifunction. In our previous work, the obtained SPL is
still small when the radius is 1.5 mm [32], which needs to be further considered to reduce
structural stiffness. In addition, existing speech-recognition devices are either disturbed by
external sound noise [34], body movement [35], or are limited by distance or occlusion [6,7],
thereby leading to errors or failures in speech recognition. These problems have been
encouraging researchers to find a more accurate and convenient way of the silent speech
recognition system. This work would gain further significance if the aforementioned
piezoelectric MEMS speaker, which currently serves a single function, could also function
as a silent alarm.

Herein, a piezoelectric MEMS speaker combining function of silent alarm is demon-
strated. The deposition of 10 um thick parylene C on the upper surface before etching the
back cavity is the key process when forming the rigid—flexible coupling supporting layer.
Moreso, the rigid vibration membrane with a maximum radius of 2 mm is a central circle
surrounded by concentric double rings. Compared to a speaker with a rigid supporting
layer, this proposed piezoelectric MEMS speaker with rigid—flexible coupling supporting
layer can improve the SPL significantly in the frequency range from 20 Hz to 4.2 kHz.
Moreover, in the frequency range of 20 Hz to 20 kHz, a volume higher than 72.3 dB SPL is
achieved at driving voltage of 10 V, which satisfies the basic needs of human hearing. The
proposed device can also function as a silent alarm based on oral airflow, which performs
well at identifying an alarm silently through its unique voltage-signal characteristics, and
avoids the effects of external sound noise, body movement, long distance, and occlusion.
This proposed device provides inspiration for expanding the capabilities of piezoelectric
MEMS speakers.

2. Strategy and Design

The strategy and design of the piezoelectric MEMS speaker combining function of
silent alarm are shown in Figure 1a,b. It comprises a vibration membrane with a central
circle surrounded by concentric double rings and a flexible parylene C supporting layer.
The shape and rigid—flexible coupling structure of the vibration membrane were designed
to reduce structural stiffness, which can increase the vibration displacement, thereby
facilitating the increase in SPL [32] or voltage signal for a given oral airflow blowing onto
the surfaces [36]. Moreover, the parylene C was deposited on the device surface and
back cavity to form the rigid—flexible coupling supporting layer and for avoidance of the
influence of water vapor on its performance. The proposed device can function as a speaker
by using the inverse piezoelectric effect of the PZT thin film and can also perform well at
recognizing words according to their unique voltage-signal characteristics when spoken
silently. As shown in Figure 1c, the size of the chip is less than 10 mm, and the shape of the
vibration membrane can be clearly displayed. The functions of the proposed device are
shown in Figure 1d.

88



Micromachines 2023, 14, 702

(a) (c)

Parylene C

Upper Pt
PZT

Lower Pt

_/ l_bsubss?:ate 10 mm

(b) @
(ii) Oral airflow (i) Acoustic d
= \\\\\\\ Functions

—

Parylene C

(i) Speaker (ii) Silent alarm

< ' .")

Rigid-flexible coupling
B sio, | B PzT

B Parylene C B Pt

® L4 -

< Oral airflow \\\\\ Acoustic “

Figure 1. Strategy and design of piezoelectric MEMS speaker combining function of silent alarm.
(a,b) Strategy and design, (i) Acoustic, (ii) Oral airflow. (c) Photographs of chip clamped by tweezers.
(d) Piezoelectric MEMS speaker (i) combining function of silent alarm (ii).

3. Materials and Methods

The preparation process of the chip is shown in Figure 2a. The thickness of the
buried oxygen layer SiO, was ~1.5 um, the thickness of the top Si layer on the SOI (sil-
icon on insulator) wafer was ~2 um, and ~500-nm-thick SiO, was deposited on the top
Si surface by plasma-enhanced chemical vapor deposition. Finally, a ~100-nm-thick Pt
layer, a ~1-um-thick PZT piezoelectric thin film was deposited by RF magnetron sput-
tering (piezoelectric coefficient (dz;) = ~—220 pm/V, dielectric constant (e;) = ~900, and
Young’s modulus = ~70 x 10° Pa), and a ~100-nm-thick Pt layer were sputtered succes-
sively on the deposited SiO; surface (Figure 2(al)). The sputtered PZT does not require a
dedicated polarization due to the self-polarization effect.

Then, the upper electrode Pt layer was etched to form a central circle surrounded by
concentric double rings (Figure 2(a2)) (see Figure S1 in the Supplementary Materials for
detailed sizes), then BHF was prepared in the volume ratio of V[NH4F(40%)]: V[HF] = 1:5,
and the etching solution was obtained by mixing a solution with a volume ratio of V[BHF]:
V[HCI]: V[H0O] = 1:25:175. The etching residue attached to the PZT surface was removed
after etching the 1-um-thick PZT ((Figure 2(a3)) [37,38]. The process of etching the lower
electrode was the same as that for the upper electrode (Figure 2(a4)). The deposited SiO,,
top Si, middle buried oxygen layer SiO, were then etched in sequence (Figure 2(a5)). Then,
~10 pm parylene C was deposited on the membrane surface (Figure 2(a6)). Then, the back
cavity was formed after etching barrier SiO, (Figure 2(a7)). Finally, a ~0.5-um-thick layer
of parylene C was deposited on the device surface and back cavity to avoid the influence of
humidity on device performance by isolating water vapor (Figure 2(a8)) [39—41]. Of course,
the functions of speaker and silent alarm are exclusive, so that a circuit rotation device
and a wireless data transmission module need to be built to facilitate the conversion of
functions and data transmission. However, these efforts are still in the research process due
to the current limited knowledge in this area.
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(a) <1> <2> <3>

10 ym Inclined

Figure 2. Preparation process and SEM images of the piezoelectric MEMS speaker combining function
of silent alarm. (a) Process of fabricating the proposed device: (1) materials, (2) etching the upper
electrode, (3) wet etching the PZT, (4) etching the lower electrode, (5) etching gaps on the upper
surface, (6) depositing thick parylene C, (7) etching the back cavity, (8) depositing thin parylene
C. (b) Encapsulated speaker. Scanning electron microscopy (SEM) images of (c) PZT, (d) the whole
surface of the device without parylene C, and (e) the deposited parylene C, and (f) the inclined gap,
and (g) the inclined view of parylene C section.

The SEM images were characterized by a scanning electron microscope (FE-SEM, ZEISS
Gemini, Oberkochen, Germany). Impedance Analyzer (KEYSIGHT, E4990A, Santa Rosa,
CA, USA) was used to measure the relationship between the frequency and impedance or
phase angle, respectively. The SPLs of the piezoelectric MEMS speakers were characterized
by an audio analyzer (FX100, NTi Audio, Schaan (Liechtenstein), Switzerland). The SPLs
distributions at each moment were recorded by an audio and acoustic analyzer (XL2,
NTi Audio, Schaan (Liechtenstein), Switzerland). The acoustic tests were all carried out
in an anechoic box. The output voltage signals and voltage-signal characteristics of the
device were recorded by a digital storage oscilloscope (DSO-X 2024A, California, Agilent).
Parylene C was deposited by using a parylene C thin-film deposition system (PDS 2010;
SCS, Indianapolis, IN, USA).

4. Discussions
4.1. Photograph and SEM Images

Figure 2b shows the device encapsulated with a 3D-printed shell. Figure 2c shows
a cross section of the functional material layer PZT with thickness of ~1 um. As can be
seen in Figure 2d, the vibration membrane is patterned into a central circle surrounded
by concentric double rings. Figure 2e depicts the parylene C deposited on the vibration
membrane surface. Figure 2f shows the inclined etching gap of the vibration membrane,
with a gap width of ~12 um. Moreso, the side of a ~10-pum-thick parylene C can be clearly
demonstrated, as shown in Figure 2g.
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4.2. Measured SPL

Compared with the same thick rigid (SiO,/Si) supporting layer, the rigid—flexible
coupling one can greatly reduce structural stiffness, thereby increasing the vibration dis-
placement and SPL.

Figure 3a shows that the SPL of the proposed piezoelectric MEMS speaker with
a rigid—flexible coupling supporting layer is significantly higher than that with rigid
supporting layer, and especially, is higher by 4.1-20.1 dB in the frequency range from 20 Hz
to 4.2 kHz, which indicates the rigid-flexible-coupling supporting layer can improve the
SPL significantly in low frequency. Moreover, a figure higher than 62 dB SPL is obtained
in the frequency range of 20 Hz-20 kHz, which is at least 10 dB higher than the previous
work [32], thus meeting the basic needs of human hearing [42]. Besides, an SPL of ~102.7 dB
was achieved at a resonance frequency of 4 kHz. Compared with the speaker with a rigid
supporting layer, the structural stiffness of the rigid—flexible coupling supporting layer
prepared by us is greatly reduced, thereby making the vibration offset displacement of
the vibration membrane higher, which can greatly improve the SPL at low frequency. As
shown in Figure 3b, in the human audible frequency range of 20 Hz-20 kHz, a volume
higher than 62 dB SPL is obtained at 2 V, and greater than 72.3 dB SPL is achieved at driving
voltage of 10 V. With increasing driving voltage, the highest SPL at the resonance frequency
of ~4 kHz changes from ~102.7 dB (2 V) to ~107.5 dB (4 V) to ~110.7 dB (6 V) to ~111.6 dB
(8 V) and finally to ~112.5 dB (10 V).
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Figure 3. Measured SPL. (a) Comparison of SPL of a piezoelectric MEMS speaker with rigid sup-
porting layer and rigid—flexible coupling one. (b) Measured SPL of piezoelectric MEMS speaker at
different driving voltages.

As shown in Figure 4a—d, the SPL distribution and effective SPL at each moment when
the piezoelectric MEMS speaker and a commercial electromagnetic one are used to play the
same song. As can be seen, the effective SPL (Laeq) of the prepared piezoelectric MEMS
speaker at each moment is 3-8 dB lower than that of the commercial one with the same
size, and its maximum (L Afpmayx) and minimum (Lagmin) effective SPLs are also lower than
those of the commercial one by 3-8 dB. However, compared with piezoelectric MEMS
speaker, electromagnetic ones are difficult to miniaturize because of their larger permanent
magnets [2,13,14], and also the performance of the prepared piezoelectric MEMS device
meets the basic hearing needs for music, broadcast, voice interaction, etc.
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Figure 4. Comparison of a designed piezoelectric MEMS speaker and a commercial one. SPL distribu-
tion (a,b) effective SPL of proposed speaker at each moment when playing a song. (c) SPL distribution
and (d) effective SPL of a commercial speaker at each moment when playing the same song.

4.3. Silent Alarm in Dangerous Situations

In actuality, it may not be feasible for individuals to vocalize for assistance or raise an
audible alarm when confronted with a potential kidnapping or involuntary confinement,
as doing so may provoke hostile parties. Thus, the development of a silent alarm sensor
represents a meaningful and promising technological advancement [43,44]. In order to
expand the application of piezoelectric MEMS speaker, this proposed device was attempted
to be used as a silent alarm sensor, and the working mechanism is shown in Figure 5a. If we
speak silently, different words produce different oral airflows that impact the membrane
surface of the proposed piezoelectric MEMS device and produce different deformations,
thereby generating different voltage signals. Therefore, different words can be recognized
according to their unique voltage-signal characteristics. Of course, temperature also affects
the voltage signals, and the increase or decrease in temperature are consistent to that of oral
airflow speed, so their waveform variation law is considered to be the same. The voltage
signal generated by this structure is significantly larger than the previous design work,
which contributes to the accuracy of identification (Figure S2, Supplementary Materials) [36].
The distance between the mouth and the device is within ~2 cm. The corresponding
valley value and number as well as overall waveform are the voltage signal characteristics
being preliminary considered. Less than 2 cm is chosen as the test distance because
the voltage signal generated is relatively obvious, as shown in Figure 5b. As shown in
Figure 5¢, for words “silent”, the voltage-signal characteristics produced by the device when
speaking silently with body movement are consistent with those without movement, which
shows that the performance of the device is unaffected by body-movement interference.
When different people speak the same word silently, the voltage-signal characteristics
are consistent, which indicates the device’s universal applicability to different people, as
shown in Figure 5d. As can be seen in Figure 5e, when the same word is said silently, the
voltage signal characteristics are also consistent in quiet and noise environments, which
shows the good anti-interference performance of this device in a noisy sound environment.
In Figure 5f, the words “alarm”, “danger”, “save” and “me” all conform to the above
rules, which also well proves the universal applicability of this method. When speaking
continuously, the dangerous signals are well recognized through their unique voltage signal
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characteristics obtained, which proves the feasibility of the device in practical application
(Figure S3, Supplementary Materials). The above are only our preliminary mechanism
analysis and exploration of the piezoelectric MEMS silent alarm sensor based on oral
airflow, but it can also preliminarily reflect the feasibility of our proposed scheme and puts
forward a new possible alternative for the traditional alarm system. Besides, this silent
speech-recognition sensor can avoid the effects of external sound noise, body movement,
long distance, and occlusion compared to the state of the art. Future work will combine
machine learning to show remotely what they say [45,46], which is expected to be used to
save people in dangerous situations, even to serve people with acquired throat injury or
serious diseases, weak bodies, or who are unable to speak loudly or are in a public quiet
environment. Thus, this piezoelectric MEMS speaker can also be used as a silent alarm
sensor. However, we just elaborated on the working mechanism and made an attempt on
its possibility, and the subsequent detailed studies are still ongoing.
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Figure 5. Silent alarm. (a) The wearing method and working mechanism. Unique voltage—signal
characteristics of word “silent” (b) in different distances and (c) with and without body movement
and (d) of different people when speaking the same word silently. (e) Anti—interference performance
of device in a noisy sound environment. (f) Voltage-signal characteristics of the different words when
speaking silently.
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4.4. Compared with Previous Works

The comparisons between this work and our previous works are shown in Table 1,
showing this work has its differences and advantages compared to previous works.

Table 1. Comparison between this work and our previous work.

Paper Structure Radius Su M?)irrtlin Thickness of Role of I(VZI(l)nI}IT-l;g‘l?I-II} Appilications
P (Side Length) Ii)};y er 8 Parylene C Parylene C @2V) ppricatio
[10] E 2 mm Si 0.5 um Close the gap ~59 dB Speaker
Cantilever beam array
Speaker,
. ti
[33] 2 mm Si 0.5 um Close the gap ~55 dB mg;?t(l)?,ﬂ\ g
Improved cantilever health warning
beam array
[36] i Y o> 7 5 mm Si 0.2 um Isolate water No Silent spe;ech
vapor recognition
Cantilever beam array
[32] a 1.5 mm Parylene C 10 pm Su}iportmg ~52 dB Speaker
Central circle ayer
surrounded by
concentric double rings
. Supporting Speaker,
This work 2 mm Parylene C 10 um 1 ~62 dB sil 1
Central circle ayer ilent alarm

surrounded by

concentric double rings

5. Conclusions

In conclusion, a piezoelectric MEMS speaker combining function of silent alarm
was reviewed. The speaker mainly comprises a PZT actuation layer and a rigid—flexible
coupling supporting layer. The deposition of 10 um thick parylene C on the upper surface
before etching the back cavity is the key process in forming the rigid—flexible coupling
supporting layer. Additionally, the rigid vibration membrane is a central circle surrounded
by concentric double rings. This proposed piezoelectric MEMS speaker, which features a
rigid—flexible coupling supporting layer, can enhance the 4.1-20.1 dB SPL at low frequencies
ranging from 20 Hz to 4.2 kHz, as compared to a speaker with a rigid supporting layer.
In addition, this can also improve the distribution of SPL and maintain an effective SPL
similar to that of a commercial electromagnetic speaker when playing the same song. The
device is also capable of serving as a silent alarm in hazardous situations by detecting
oral airflows. It performs exceptionally well in silently recognizing alarms based on their
distinctive voltage-signal features, while effectively avoiding the impacts of external noise,
body movement, long distance, and blockage. Thus, both the piezoelectric and inverse
piezoelectric effects of PZT thin film can be utilized. This prepared device provides a
reference for the functional expansion of piezoelectric MEMS speakers.
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Abstract: Cognitive radio (CR), which is a common form of wireless communication, consists of a
transceiver that is intelligently capable of detecting which communication channels are available to
use and which are not. After this detection process, the transceiver avoids the occupied channels
while simultaneously moving into the empty ones. Hence, spectrum shortage and underutilization
are key problems that the CR can be proposed to address. In order to obtain a good idea of the
spectrum usage in the area where the CRs are located, cooperative spectrum sensing (CSS) can be
used. Hence, the primary objective of this research work is to increase the realizable throughput
via the cluster-based cooperative spectrum sensing (CBCSS) algorithm. The proposed scheme is
anticipated to acquire advanced achievable throughput for 5G and beyond-5G Internet of Things (IoT)
applications. Performance parameters, such as achievable throughput, the average number of clusters
and energy, have been analyzed for the proposed CBCSS and compared with optimal algorithms.

Keywords: cluster-based cooperative spectrum sensing; achievable throughput; greedy heuristic
algorithm; cognitive radio network; 5G and beyond-5G IoT applications

1. Introduction

Cognitive radio (CR) is a relatively new long-haul radio innovation. After the software-
defined radio (SDR), which is, to a greater degree, gradually becoming a reality, CR will be
the more successful radio correspondence framework to be created [1-10]. The principal
focal point of this research work is the range designation issue, i.e., to accurately choose the
Secondary Users (SUs) to detect and use the Primary User (PU) channels for a wide variety
of situations [11-22].

Since the CR is being used to provide a strategy for utilizing the range more effectively,
range detection is a significant issue in 5G and beyond-5G IoT applications, and the
frequency band used is narrow band LTE (NB-LTE) [23-25]. The general framework is to
work adequately and to provide the necessary enhancement in range detection. The CR
range detection framework must have the option to successfully distinguish the additional
transmissions, recognize them and enlighten the central processing unit of the CR such that
the crucial move can be made.

This work addresses the following:

e  Methods of increasing the throughput of SUs.
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A discussion of the spectrum utilization problem.
The proposal of cluster-based cooperative spectrum sensing (CBCSS) to perform
cooperative spectrum sensing in 5G and beyond-5G IoT applications.

To extract the minimum-sensing users, a closed-form expression is logically impractical,
and a number of security issues need to be considered. A higher dimensions vector is not
considered here since it increases the computational cost and makes the algorithm undesirable.

2. Literature Survey

The extraction of the number of minimum-sensing users in a closed-form expression
is analytically unfeasible. Therefore, the analytical formulation of the amount of saved
energy in each scenario must be considered. In addition, a greater number of security
issues are considered. The higher dimensions vector is not considered, and if considered,
it increases the computational cost, which makes the algorithm undesirable. There are
also practical protocol issues of synchronization and the estimation and tracking of the
traffic parameters. In addition to spectrum sensing to improve spectrum utilization, a
CRin a cognitive radio network (CRN) can sense available networks and communication
systems around it. The CRNs are composed of various kinds of communication systems
and networks and can be viewed as a sort of heterogeneous network. Dusit Niyato et al.
recommended a Bertrand game model to analyze the impacts of system parameters such as
spectrum substitutability and channel [7]. Nasif et al. offered an algorithm for opportunistic
spectrum sharing with multiple co-channel primary transmitters. The authors presented
a distributed collaborative algorithm for cognitive radios [14]. Quan et al. proposed a
soft computing-based algorithm that requires full consideration of the noise level of all
secondary users. The throughput performance of SUs in cognitive radio networks has been
analyzed [17]. Yue Wang et al. proposed an anti-jamming problem in the presence of a
smart jammer. This smart jammer learns the transmission power of the user and adjusts
its transmission power to maximize the damaging effect that is being analyzed [4,21].
Mohammad Rashid et al. developed a framework to learn the QoS performance measures
using a queuing analysis in the data link layer for infrastructure-based cognitive radio
users in the opportunistic spectrum access [12]. Song et al. considered the interference
temperature restriction and opportunistic spectrum allocation and suggested a suitable
framework for the joint spectrum allocation and power control to make use of the utilized
and underutilized licensed electromagnetic spectrum [19].

Bin Wang et al. proposed an approach to enhance the performance of unlicensed users by
utilizing the licensed user spectrum in cognitive radio networks [3]. Minh-Viet Nguyen et al.
investigate the problem of resource allocation spectrum sensing methods, frequency se-
lectivity, spectrum allocation and frequency bands in cognitive radio relay networks [11].
Azarfar et al. proposed an auction approach along with an anticipated double spectrum
to augment the spectrum utilization in a CR network [2]. Li et al. recommended a new
cooperative spectrum sensing framework that would effectively combine spectrum sensing
and spectrum sharing [10]. Ruby et al. introduced a new hard two-bit overhead for each
individual user. Consequently, a balanced trade-off between the detection performance
and complexity was realized [18]. Dongyue Xue et al. proposed a scheduling algorithm to
reduce the spectrum sensing time for wireless mesh applications [6]. Changpeng Ji et al.
proposed a cross-layer cluster-based spectrum sensing algorithm to achieve better noise
density and slot length [5]. Li Yu et al. proposed a framework in order to increase the
performance of a CR network by using the cluster-based cooperative spectrum sensing
technique [9]. Parzy et al. employed a distributed resource allocation mechanism for CR
networks based on a novel competition methodology, which syndicates the benefits of
node competition and cooperation [16]. Nadine Abbas et al. presented the spectrum avail-
ability and scarcity in the radio spectrum for cognitive radio networks [13]. Tsakmalis et al.
extended an algorithm to increase the cognitive radio network throughput and reduce
the primary user interference through scheduling techniques [20]. Zhu et al. considered
the resource allocation issue in an OFDMA-based cognitive radio network and increased
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the coverage area of the antenna using several beam forming techniques to support the
secondary user in using the licensed user spectrum [22]. Orumwense et al. proposed a
cooperative technique to address the spectrum sensing issues of secondary users. The
primary user channel length, spectrum sensing time and slot length were all measured
for the spectrum allocation decision for secondary users [15]. Alberti et al. concluded
that the problem of sensor applications in cognitive radio networks is that the parameters
considered provide a short network lifetime and poor beamforming characteristics [1]. Hee-
jung et al. presented a survey on the next generation of Internet of Things (IoT) networks,
showing an increase in delay, network lifetime, packet delivery ratio and throughput [8].

In this paper, the heterogeneities in both PU channels and SUs are investigated. The
PU channel is characterized by channel idle probability and channel capacity, while the SU
is depicted by the energy detection threshold, received SNR and geographical location.

3. Cluster-Based Cooperative Spectrum Sensing (CBCSS)
System Model

Consider a CRN with N SUs and M PU channels. Each channel is exclusively used
by the PU. However, the PU is idle, and the SU can opportunistically utilize the channel
when it is available through spectrum sensing. Let M be the set of such PU channels and
N denote the set of SUs. Figure 1 demonstrates that the channel heterogeneity-spectrum
availability varies across the SUs. The SUs that are located far from the PU will only report
noise when the detection range of the PUs only covers part of the system. Hence, the CRN
is partitioned into clusters so that the SUs in each cluster are within the detection range of
the same set of PU channels.
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Figure 1. System model for CBCSS.

The vacant portion of the spectrum can only be allotted by a CR user. We use a
sampling frequency fs to sample the frequency.

Hi :yi(k) = sij(k) + wjk)i=12,... ... ,N (1)
HY @ y(k) = wij(k)j=1,2,... ... ,N )

The false alarm probability Py ; ;) is defined as the probability of the SU j under HY,
which is given by

Peij) =Q (- —1) VET) )
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The detection probability Py () is defined as

. €i T

) (4)

In order to provide sufficient protection to the Pus, it is required to keep the detection
probability above a given threshold Qy,, that is, Qd,]- > Q- Hence,

m

[T =Pg45) > Qun ®)

i=1

The SUs and PU channel’s allocation matrices are [Xs]y x ¢ and [Xc|y x k - The ele-
ments xlsii and xlé]. can be defined as:

X r (6)

0 otherwise

s,i

{1 if SU is with cluster
k

X r (7)

0 otherwise

¢,

{1 if CHj is with cluster
k

Consider the following two vectors:
Sk represents the set of SUs in cluster k

Sk={i

x5 =1,Vi € N} (8)
By denotes the set of PU channels sensed and utilized by the SUs in cluster k

By = {j

x§=1,Vj € M} ©)

Thus, the total throughput is given by

Re(Si,By) = ) I ; p (Hj) Gj(1 — Qf(Sk, Bx)) (10)
£Bk

where P(Hj) is the idle probability for channel j, Cj is the transmission capacity for channel

j, and
T
Q}(,j(skr B)=1- JT(1- Pf,(i,j)(i)) (11)

iESk

To represent the assignment policy, a three-dimensional matrix Anxmxk is defined as

1ifi € Sk andj € By
ik - (12)
0 otherwise
The problem is formulated and given as
maxx,x., =}, R (Sk (Xs), Bi(Xe)) (13)
k
Y= Vi (19
K .
Y X§= 1 Vi (15)
Yo s, X1 27, VK (16)
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The optimization problem can be solved in polynomial time if and only if the cor-
responding decision problem can be solved. Thus, the proof of the algorithm for an
optimization problem is equivalent to proving its corresponding decision problem.

4. Results and Discussion
Simulation Parameters

The simulation results have been presented for the proposed cluster-based cooperative
spectrum sensing with a greedy heuristic Algorithm 1 (GHA) based on the analytical
expressions established in the previous section. The performance features such as the
achievable throughput, average count of clusters and energy of the proposed cluster-based
greedy heuristic algorithm have been appraised and linked with the conventional optimal
algorithm using MATLAB. The assumptions made in the study are given in Table 1.

Algorithm 1: Greedy algorithm

Input:
Gk (Xk @] Yk,Ek),. my

Initialization: Sy = X, Bx =9, A(k71>, 11, Xls‘ =[1] and ch‘: [0]

y1 = arg maxycy, deg(y)

while 1S | > myand 1Yy | >0
y =argmax ]%
ifdeg(y)mythen

break;

else

Pk = 1,'

By <~ B U y;;  Till] = Ry (S, By);
xlé}’] =1

xls‘,i =0;Vie ‘I)er; update A i1
end if

Find I*=arg max I'y[1];

Sk =15y, Bi = {CHPkm,CHPk[Z] e i . CHp )
return rules
Table 1. Simulation parameters.
Description Range
Simulation Area 1200 x 700 m
Primary Users (M) 50
Secondary Users (N) 40
Cluster Size 25 users/ cluster
Number of Clusters 04
Transmission Range 250 m
Packet Size 165 bytes
Mobility Model Random Waypoint
Node Pause Time 5s
Sampling Frequency 6 MHz
Sensing Time 3-4 ms

In Figure 2, the node setup vs. cluster formation for the proposed CBCSS is plotted.
The simulation area of 1200 m is used for the X-axis, and 700 m is used for the Y-axis for

the proposed CBCSS.
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Figure 2. Simulation node setup vs. cluster formation.

Figure 3 shows the total sensed PU channels (M) vs. the achievable throughput graphs
for diverse values N = 20, N = 25, N = 30, where N represents the number of secondary
channels. The number of sensed PU channels (M) is used for the X-axis, and the attainable
throughput is used for the Y-axis.

Throughput vs number of sensed PU chanels

Achivable throughput

Number of PU channels M

Figure 3. Number of sensed PU channels (M) vs. achievable throughput.

Figure 4 shows the amount of PU channels (M) vs. the average figure of cluster graphs
for N =20, N = 25, N = 30. The number of PU channels (M) is used for the X-axis, and the
average number of clusters is used for the Y-axis.
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Average number of clusters vs number of PU channels

—F— N=20

Average nurber of dusters

Number of PU channels M
Figure 4. Number of PU channels (M) vs. average number of clusters.

It is apparent that when the number of PU channels rises, the average figure of clusters
also rises because the number of clusters formed relies heavily on the detection range of
the PU.

Figure 5 shows the count of the PU channel (M) vs. achievable throughput graphs for
optimal N = 20, greedy N = 20, optimal N =40 and greedy N = 30 ranges. The number of PU
channels (M) is used for the X-axis, and the achievable throughput is used correspondingly
for the Y-axis.

Comparison for Throughput

—k— Optimal N=20
—+H— Greedy N=20
—4— Optimal N=40
—+— Greedy N=30

Achivede thraugput

Number of PU channels M

Figure 5. Number of PU channels (M) vs. achievable throughput.

It has been perceived that the suggested algorithm attains an almost ideal performance,
with an extreme performance loss of 4.6% for the achievable throughput.

Figure 6 shows the number of iterations vs. energy (bits/]) graph for optimal and
greedy algorithm techniques. The number of iterations is used for the X-axis, and the
energy is used correspondingly for the Y-axis.
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Figure 6. Number of iterations vs. energy (bits/]).

From the comparison graphs, it has been detected that the energy saved is expressed
as a function of the number of iterations. Clearly, the number of iterations surges as the
energy declines. The time necessary for sensing the PU channel is known as an iteration.

The results of the comparison between the proposed system and the existing systems
are shown in Table 2. The simulation parameters, such as achievable throughput, the
average number of clusters and energy, have been associated.

Table 2. The comparison of the existing methods and proposed CBCSS.

Parameters Song et al. [7] etI:il.b[}lIZ] Li et al. [15] elt\laaf iﬁ% Pé%%osgd
Achievable throughput 92.73% 84.83% 90.24% 82.90% 96.87%
Average number of clusters 2 1 3 3 5
Energy 1.87 bits/] 3.64 bits/] 0.94 bits/] 6.23 bits/] b?é%

Table 2 reveals that the proposed CBCSS for 5G and beyond 5G IoT applications has
high achievable throughput (96.87%), a high average number of clusters (5) and less energy
(0.23 bits/]) than the existing schemes. Based on the simulation result, it is concluded
that the proposed CBCSS algorithm provides a better solution for the SUs and is suitable
for utilizing the PU channels effectively in 5G and beyond-5G IoT applications. Thus,
the overall performance analysis suggests that the CBCSS algorithm for the cooperative
spectrum sensing with a greedy heuristic algorithm for 5G and beyond-5G IoT applications
in CRN performed well and achieved good performance in terms of achievable throughput,
the average number of clusters and energy. Hence, for the effective 5G and beyond-5G IoT
communication applications, the CBCSS scheme can enable additional benefits, such as the
maximum achievable throughput.

5. Conclusions

In order to capitalize on the achievable throughput of cognitive radio networks, a
CBCSS with GHA has been offered for 5G and beyond-5G IoT applications. The CBCSS
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algorithm was suitably developed. Performance parameters, such as achievable through-
put, the average number of clusters and energy, have been scrutinized for the proposed
CBCSS algorithm. In comparison with the ideal algorithm, the recommended CBCSS with
GHA showed an achievable throughput of 96.87%. Thus, the proposed greedy algorithm
performed better in terms of high achievable throughput and low energy.
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Abstract: A fully integrated and high-efficiency low-dropout regulator (LDO) with 100 mV dropout
voltage and nA-level quiescent current for energy harvesting has been proposed and simulated in
the 180 nm CMOS process in this paper. A bulk modulation without an extra amplifier is proposed,
which decreases the threshold voltage, lowering the dropout voltage and supply voltage to 100 mV
and 0.6 V, respectively. To ensure stability and realize low current consumption, adaptive power
transistors are proposed to enable system tropology to alter between 2-stage and 3-stage. In addition,
an adaptive bias with bounds is utilized in an attempt to improve the transient response. Simulation
results demonstrate that the quiescent current is as low as 220 nA and the current efficiency reaches
99.958% in the full load condition, load regulation is 0.0059 mV /mA, line regulation is 0.4879 mV/V,
and the optimal PSR is —51 dB.

Keywords: low-dropout regulator; ultra-low-input voltage; high power efficiency; bulk modulation;
energy harvesting

1. Introduction

Energy harvesting (EH) technology converts weak energy harvested from the environ-
ment into electricity [1-3]. EH has been used in many fields, such as the Internet of Things
(IoT), wearable devices, and wireless sensors [4-6]. The output voltage collected from
energy harvesting is unstable. Therefore, the low-dropout regulators (LDOs) are used to
provide a stable power supply for the loads, as they have the advantages of uncomplexity,
a low cost, and being noise-immune.

A typical EH system is depicted in Figure 1. Considering the weakness of the energy
source and low collection efficiency, energy collection suffers from a low supply voltage
and high power consumption [7-9]. Consequently, new challenges and requirements are
set forth for the supply voltage and power conversion efficiency of LDO.

Matching . DC-DC Low Dropout
. Rectifier
Circuits Converter Regulator | Load

Power Management Unit

Energy Harvesting System

Figure 1. A typical EH system.

For the purpose of improving the integration and reducing the cost, [10-13] proposed
the output-capacitor-less (OCL) LDOs consuming pA-level static currents. However, low-
power equipment should consume as little electricity as possible during standby and
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operation. To further reduce the current to nA levels, [14] adopts an adaptive bias solution
based on the super-source follower (SSF) structure. Nevertheless, the minimum supply
voltage is as high as 1.8 V, and struggles to meet the EH requirement. In addition, the large
dropout voltage leads to large power loss.

Another approach to improving efficiency is to reduce the dropout voltage [15].
A dropout voltage can be defined as the product of the valid channel resistance of the
component and the load current in non-regulatory conditions [16]. In [17], a large and wide
ratio power transistor is proposed to reduce the equivalent resistance, but this requires a
large area. One method to reduce the threshold voltage is the floating meter [18,19], and the
other method is body bias [20-22]. Recent research has shown that the threshold voltage
can be reduced using current-driven bulks [23]. Since Vp is less than Vg in the PMOS power
transistor, the source-end bipolar crystal pipe can be turned on to reduce the threshold
voltage. This extra adaptively biased current-driven loop generates a lot of static current,
which cannot meet the low [ requirements.

This paper proposes a 100 mV-dropout and high-efficiency OCL-LDO with low supply
voltage, which uses bulk modulation and adaptive bias technology with adaptive power
transistors (APT). The bulk modulation without using the auxiliary amplifier has signif-
icantly reduced the dropout voltage to 100 mV. The adaptive bias can quickly detect the
transient jumps to shorten the recovery times and reduce the quiescent current. Through
the use of APT, the system is able to switch between 2-stage and 3-stage amplifiers under
different load conditions, ensuring its stability in the full load range. Further, APT reduces
power consumption by reducing unnecessary current consumption. On the one hand,
ultra-low Vjy and Vyt are suitable for weak EH systems, since they require a low input
voltage and output voltage. On the other hand, by reducing the dropout voltage, high
efficiency can be achieved with low power consumption.

In the rest of this paper, the operating principle of the proposed LDO is discussed
in Section 2. Sections 3 and 4 describe the circuit implementation and stability analysis,
respectively. The simulation results, along with comparisons with the state-of-the-art
designs, are reported in Section 5. Finally, conclusions are drawn in Section 6.

2. Operation Principle
2.1. Bulk Modulation without Amplifier

The amount of energy collected by the EH system is extremely small. DC-DC Boost
converter only produces a few hundred mV of output voltage, requiring a low Vy in the
LDO design. Generally, the Vjy can be expressed as:

ViN = Ve + |Vgsp| > Vi + [Vrupl, (1)

where Vi, Vissp, and Vryp are the gate voltage, gate-source voltage, and threshold voltage
of the power transistor, respectively. When there is a voltage difference between the bulk
and source, Vry decreases with Vpg due to the body effect and can be written as:

Vry = Vrho + ’Y(\/|2<DF| — Vs — \/|2<DP|)/ @)

where Vrpy is the threshold voltage when Vjg is zero, 7y denotes the bulk-effect coefficient,
and @ is the Fermi potential. Generally, oy ranges from 0.3 V1/2 to 0.4 V!/2. This analysis
was simplified by replacing source-bulk voltage Vsp with —Vgs. In the case of a>>>b?,
taking into account a mathematical formula [24]:

Va+b~a+ ®)

b
2/a

109



Micromachines 2023, 14, 998

Vin
D

In Equation (2), there is (2&F)?>>V2;, and substitute them into a and b, and consid-
ering the relationship of [25,26]:

T

where # ranges from 1.2 to 1.3. Part of Equation (2) can be approximately expressed
as follows:

Vs
20r — Vs — /2PF | = =(n—1)Vsp. 5
'Y(\/F BS\/F> ENer s (1 —1)Vsg )

Therefore, we can conclude that V7 is linearly related to Vsp. Via the body effect
approximation, Equation (2) can be simplified as [27]:

Vru =~ Vrao + (1 — 1) V. (6)

Previously, the bulk of the power transistor was connected to the source to prevent
the conduction of the PN junction between the source and the bulk, as shown in Figure 2a.
Thus Vry = Vrhp. The minimum Vjy of this kind of LDO is larger than 1V, which does not
meet the criteria for low Vy.

The bulk modulation is proposed to reduce Vry and then Vi, as illustrated in
Figure 2b. This system imposes an additional amplifier to generate the bulk voltage Vzopy,
which increases power consumption.

VRer
D,

V“—Tlpijx

VINT > Ve + | Vue | T
lad =

laa1

(a)

CL

Vin

D

VRer VREF -

A Ve mP - Ve = Vin

_| gmpey,
Vour Vour : Vour
" Vind 2 Ve + Ve |4 | I Vind = Ve + | Ve [ J_CL G) N
la 1= loa1 + IQAz'P P lad = laatd

(b) (c)

Figure 2. Structures of (a) conventional analog LDO, (b) bulk modulation with an extra amplifier,
(c) bulk modulation without an extra amplifier.

Recently, bulk modulation without an extra amplifier was proposed in [28], which can
better realize the balance between power consumption and low V. Figure 2c shows its
structural block diagram. However, the modulated V; is close to Vi, resulting in low gain
and poor performance.

To solve the problems mentioned above, this paper proposes a voltage reuse scheme
to generate Vpppy. In a typical three-stage structure of OCL-LDO, the buffer is used to
increase the drive ability and enhance the load capacity of the power transistor due to the
small output resistance. The buffer output is usually only connected to the gate of the
power transistor V. In this paper, the bulk modulation is simplicity obtained by connecting
the buffer output to not only the gate but also the bulk of the power transistor, as shown in
Figure 3. Vi in this paper can be expressed as:

ViN = V6 + |Vru| = Vrao + Ve + (1 — 1) Vg = Vrmo + Ve, (7)

From Equation (7) Vjy is determined only by Vrpg and V. The large value of Vpopy
is replaced by V, resulting in a reduction in Viy to 600 mV. In addition, a gain path
is established from the bulk to V7, and the body transconductance g,,;, can enhance
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the regulation gain. Consequently, V;y is more effectively reduced without introducing
additional power consumption, ensuring that the transistor performs normally in low Viy.
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Vrer! E MP Vaooy - (Gmbp + gme) T
]
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* D
_______________ VBobY J_CL iL
*P
Vind 2 Ve + | Ve |4 lad =laa1d =

Figure 3. The structural diagram of the Vzppy reuse.

It is important to note that a forward-biased PN junction between bulk and source
experiences very low voltage. An exceedingly high Vsp may lead to the forward breakdown
of the MOS transistor, resulting in device damage. Lowering the bulk voltage appropriately,
while ensuring that the PN junction does not undergo breakdown, can reduce Vry. To
validate the feasibility of the proposed approach, simulations of the circuit were conducted.
Figure 4a shows that the value of Vp as Vjy varies under different Vpopy when adopting
the Vgopy reuse method. The simulation results show that Vry increases as Vjy decreases,
while Vppopy remains constant. However, Vry can be effectively reduced by decreasing
Vpopy- In the proposed design, the MOS transistor is protected from forward breakdown
since the maximum value of Vgopy is 280 mV, which is less than the forward breakdown
voltage. Additionally, Figure 4b shows the drain current with and without Vpppy reusing.
There is evidence that, within a specific range, after adopting the reuse of Vzopy, Ig can be
effectively reduced. Therefore, the proposed bulk modulation without an amplifier reduces
both Vjy and IQ.

Despite this, bulk modulation also has some disadvantages, such as circuit instability
due to the excessive modulation or reverse breakdown of PN junctions caused by a Vpopy
that is too low. To solve the above problems, APT technology is proposed in the next section.

—V BoDY =0.20V
—VBoby =035V
V BopYy =0.50 V
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—Veoby =0.65V
——VeBopy =0.80V ot
-05F
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0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.3 0.35 0.40 0.45 0.50 0.55 0.60
Vin (V) Vsooy (V)
(a) (b)

Figure 4. Simulation results of (a) the change of V1 with Vjy, in the case of different Vgopy, (b) the
g with Vpopy reuse and without Vpopy reuse.

2.2. Adaptive Power Transistors

The drain current I of the power transistor working in the saturation region can be
given by:

1 W
Ip = EVPCOXTOVGS‘ — Vru))?, (8)
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where pp is the mobility of the PMOS channel, Cpx is the capacitance of the gate oxide
layer, and W/ L is the transistor ratio.

As the load current I} p4p gradually increases and Vg increases, so Vi decreases
accordingly. When employing Vpopy reuse, there is Vi = Vpopy. Reducing Vpopy too
much will result in increased Vpg, which may lead to the forward breakdown of the
PN junction.

As a preventative measure, this paper proposes the APT technology. This is based on
the principle that, when the load changes, a feedback signal is used to adjust the use of
the auxiliary and main power transistors (MP; and MP,). Meanwhile, bulk modulation
performs on MP; and MP,. Specifically, the modulation effect will be enhanced as I;pap
increases. The Vpopy reuse scheme being implemented for MP, will turn off under light
loads, making Vppopy close to Vin. The schematic diagram and working process of APT are
shown in Figure 5.

Vin
D
Ma3 Maa
MP1 MP2
I - =
| Activated
DS14
VREF \
C - \lVEA Cm rm Vour
OA/ == """ D
+/ Mnll._ lVBODY
|
T|D811
Vea CL |LT
= =i T ®
GND Mi2 Mis Mzie
D

Triode region -> Saturation region

Figure 5. The schematic diagram and working process of APT.

The system works in a twp-stage amplifier topology when the load is light. Due to the
second gain stage performing in the triode region, M4 pulls the output voltage closer to
the supply. Therefore, the V55 of M P, is minimal, and MP; is turned off. This was obtained
by designing the aspect ratio of M4 and Mjg. M4 is set to be small enough and M is set
to be large enough; thus, M works in the saturation region, whereas M4 is forced into the
deep linear region to sustain equilibrium in the light load. The gate of MP; is connected to
the output of the first-stage amplifier, V4. MDP; is forcibly disabled and all the load current
flows through MP;.

When the load current increases, the Ipg of MP; increases, as well as its V5. Therefore,
VEa decreases, as well as the V; of Mj1, which increases the current of Mj; and provides
a large current to Mj5, as well as Mi¢. Thus, the drop-down ability of M4 becomes
strong enough to pull M4 from the linear region into the saturation region. Hence, MP; is
activated. The system works in a 3-stage amplifier topology.

To better distinguish the two operating states, we define a threshold current Ipy of
approximately 350 nA. When the load current is less than Ipy, the second-stage amplifier
is working in the triode region and turns off MP,. When the load current increases to Ipy;,
the second-stage amplifier works in the saturation region and turns on MP;.

It is worth mentioning that the proposed LDO can adaptively switch the power
transistors according to the load current, allowing the system to transform itself between
2-stage and 3-stage topologies. In addition, simulation results have shown that Vzopy
ranges between 350 mV and 550 mV with APT, and Vg is less than the forward breakdown
voltage, which ensures the safety of the device.
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2.3. Structure of Proposed OCL-LDO

Figure 6 shows the LDO structure with the proposed bulk modulation and APT. The
gain boost stage with an adaptive bias module (ABM) is used, which obtains a large band-
width gain depending on the load current. The unity gain buffer (BUF) produces Vzopy
to modulate the bulk voltages of MP; and MP,, lowering the total current consumption
via bulk modulation. The APT not only achieves satisfactory linearity but also improves
the transient response. In an attempt to realize enough stability, the compensation module
(CM) with an internal RC network is used.

Veooy vy

Vin

VREF 3-Stage J
(g k VEA MP1 |

2-Stage

+ - ' CL I

+

Figure 6. The black box schematic of the proposed LDO.

3. Circuit Implementation

This section will provide an overview of the OCL-LDO, including its structural real-
ization and design consideration. The proposed OCL-LDO works under the condition of
Vin =0.6'V, Vrep = 0.5V, with Vp,o, = 100 mV. The LDO’s Vggp is ultra-low, which can be
generated with a BJT-based Kuijk bandgap reference [29]. Figure 7 depicts the complete
circuit diagram. The gain boost stage is a transconductance-boosted amplifier (M;—Mjg)
and ABM provides adaptive tail current. The BUF consists of M11—Mj¢ in the form of a
current mirror, which is capable of increasing the slew rate and improving the transient
response. The CM is composed of a resistor r;;, and a capacitor Cy,.
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Figure 7. The schematic of the proposed LDO.
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3.1. Maximize the Efficiency under Low Vi

To maximize efficiency, it is necessary to reduce the dropout voltage. However,
lowering the dropout voltage degenerates the DC gain of the power stage, which can be
expressed as:

Ap = gm,linearROUT

N unCox 1" Vps

- unCox ¥ (Vos — Vrn) ©)
. Vps

© Ves— Vru'

where g, jineqr is the transconductance in the linear region. As Vpg in the design is merely
100 mV; it is highly possible for it to be smaller than (Vs — Vrp), implying that the Ap is
less than one. It is worth noting that this issue is not present for regular 200 mV dropout
regulators, as their power stage can supply roughly 20 dB gain for the control loop. To
address this problem, the proposed LDO introduces a gain boost stage with ABM.

From Figure 7, the gain boost stage employs a single-stage differential amplifier along
with a cross-coupled PMOS pair to increase the gain. The cross-coupled pair generates neg-
ative resistance that can counteract the equivalent resistance of diode-connected transistors
Ms and Mg, which effectively increases the resistance of internal nodes Vx and Vy. The
amplifier gain is obtained as:

1+a
Apa = mgm (rosl|ro10), (10)
where g, represents the transconductance of M3, My, and g4, denotes the total output
conductance of node Vx or Vy. The gain is amplified by a factor of ((1+a)gm + g4s)/
((1 —a)gm + g4s)- To ensure that it works as an amplifier rather than a hysteresis com-
parator, the pairs M3-M4 and Mg-Ms are set at a ratio of a:1, where a should be kept
smaller than 1 to avoid the over-compensation of negative resistance, taking into account
the random mismatch under the fabrication.
For the push-pull stage structure, the DC gain can be approximated at 1. As a result,
the overall circuit gain can be expressed as follows:

Vbs (14 a)gm+8as
Apc = Ap-App = . . 11
e =Ar Aba = G T g + 2™ (rosl7o10) (11)

Thus, the DC performance of this LDO can be significantly improved by increasing Ar 4
when Ap is small.

3.2. Achieve Low Ig and Transient Response

Realizing nA-level quiescent current is necessary to ensure ultra-high-power efficiency.
The proposed LDO uses adaptive bias to ensure a low quiescent current while reducing
transient response time and improving transient response.

Unlike traditional adaptive bias circuits, which mirror the current at the gate of the
power transistor to bias the amplifier or buffer, the proposed ABM is driven by the first-
stage amplifier itself and provides a bias current proportional to the load current, which
can maintain a large enough gain of the first-stage amplifier over the entire load range.

Figure 8 illustrates the specific design of ABM. The ABM'’s input current is set by
My3, which is biased by V¢4 and is proportional to the load current because Vr 4 is closely
related to the load current. The output current of ABM is Ip;45, which is used to bias the
amplifier and equal to the sum current of M; and M. Iy and I are used to define the
bias upper and lower limit. The workflow of ABM can be summarized into the following
three phases depending on the load current.
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Figure 8. The schematic of ABM.

e Lightload

During periods of low load current, the current in My; is ultra-low and not sufficient
to turn on the transistor. In this case, all devices are turned off, and Ipj45 is equal to Ipn.

Igras,. = Imin- (12)
e  Moderate load

As the load current increases, the transistors Mg, M»1 and Mj, in the ABM are turned
on, and there are

Ipm2o = — - lLoAD,

(13)

Ipm21 = — Iroap-

Rz x| -

Considering that the current of My is less than I, Ip; 45 is equal to the current sum of
Mp1 and Iy, and can be expressed as:

N
Ipras,m = Imin + Ipm21 = Imin + & Iroap, (14)

where K and N are the current mirror ratios, as shown in Figure 8.
e Heavy load

Once the current of My increases to larger than I, the current mirror, made up of Mg
and My, is activated. This threshold current I, can be expressed in the following manner:
Iroap = Itm2 = K- Io. (15)

Ig1as stops increasing and reaches the upper limit, which can be expressed as:

N
Ipras,g = Imin + a Iroap = Imin + N - I, (16)

The bounds of Ip;4s ensures stable operation. In the actual design, Iy ny and Ip
are set at 7 nA, 18 nA, respectively. N and K are set at 6 and 5150, respectively. It is
worth mentioning that ABM also contributes to improvements in gain. The equivalent
transconductance g,z 4 of the gain boost stage can be determined as follows:

1
SnEA = g (17)
8m5

As I1pap increases, g1 increases significantly; thus, g,,r 4 enlarges accordingly. There-
fore, the bias current for the amplifier is proportional to the load current.
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4. Stability Analysis

To analyze the stability of the proposed LDQO, a small-signal transfer function needs to
be derived. It can be seen from Figure 9 that the small-signal model switches between the
two-stage amplifier and the three-stage amplifier. Due to the existence of the self-adaptive
power transistor, MP;, and MP, turn on and work sequentially under the condition of
different load currents. Thus, the stability analysis of the circuit should be discussed
according to the situation: (i) the second-stage amplifier and (ii) the third-stage amplifier.

-

— -dmb -9

Veopy | Vour
— -_— - — — 9— —] -gmp2 -4
I I
1/gm13 IZCgsM Toia ICg To I CL

Cm m

1l W

Figure 9. The small-signal model of the proposed LDO.

Due to the topology complexity, it is difficult to obtain the transmission function and
analyze the stability. To simplify the derivation of the loop without reducing accuracy, the
following assumptions are established.

The gains of the first-stage amplifier, the main power transistor, and the side power
transistor are far larger than 1, that is, g,,<i~%<i~ >> 1. In the case of the third-stage
amplifier, gyp2 >> gmp1. Since the g, of MPy is small, it was ignored in the analysis. The
output capacitor Cy, is larger than compensating capacitors Cy;, Cg4.

4.1. Two-Stage Structure

In the case of a small load current, the LDO is equivalent to a secondary structure.
There is a pole in Vo1 due to the output resistance and load capacitance. Since output
resistance is closely related to the load size, a light load will have a relatively large output
resistance, which results in the pole associated with the output terminal moving to the
low frequency and becoming the dominant pole, P;. The secondary pole P, is located
at the output of the first stage because of the output resistance of the amplifier and the
parasitic capacitance of the M P; gate. The poles’ frequencies can be obtained by calculation
as follows:

1
Pp=— 18
! ToEACmEmp1To (18)
gmpl
P, =——""—. 19
2 Cen (19)

Maintaining stability by only allowing one pole to exist within the bandwidth is
necessary. When the OCL-LDO is operated under the minimum load current condition,
the pole frequency located in the output is close to zero. Therefore, LDO has a very poor
phase margin (PM) and must adopt a compensation structure to produce a zero point.
The compensation is performed by connecting the compensation Miller capacitor Cyy
between the output of the first-stage amplifier and V7. However, the traditional Miller
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compensation produces a zero point in the right half plane (RHP), which is converted to
the left half plane (LHP) by adding the zeroing resistor r,,. Therefore, the zero point Z; can
be expressed as:

gmpl

2= —=F—". (20)
Ci (gmplrm - 1)
Therefore, the transfer function of the two-stage structure can be expressed as:
(1+2)
LG(s) = Ag , (21)
S S
(1+30) (1)
where Ay is the DC gain under the condition of light load and can be calculated as:
Ao = SmEAToEAZmp1To- (22)

As shown in Figure 10, the LDO’s open-loop frequency response and pole-zero distri-
bution are plotted under the conditions of Vi = 0.6 V with I;p4p = 10 pA. Based on the
simulation results, the PM is better than 45° for the worst-case scenario with the smallest
load current, and the overall circuit is stable.
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Figure 10. Open-loop gain simulation of the proposed LDO when I;o4p = 10 pA.

4.2. Three-Stage Structure

During heavy load conditions, the output resistance of the circuit decreases, and the
pole at the output becomes the secondary pole P, instead of the dominant pole P;. Since
the M P, main power transistor has a large size, its parasitic capacitance is relatively large.
Therefore, the pole existing on the gate of the main power transistor becomes the main pole
P;. The poles under heavy load can be approximated as follows:

Im13

Pi=- Cingm128m1aToEAT 014 @)
1
Gl -
B= _chr;i/ @5
1
&:_%mi (26)
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Because the output capacitance and equivalent resistance of other nodes in the small-
signal diagram are small, other poles are outside the bandwidth, which will be canceled
out by zeros and thus have no effect on the stability of the overall circuit.

Due to the relationship between the equivalent capacitance of the miller compensation
and the gain of the amplifier, the zero frequency changes in response and moves to a higher
frequency. This zero is given by:

- _gmpl
71 = o (27)
7, = _ 8m128m14 (gmb + gmpz) ‘ (28)
Cmgmpl

As a consequence, the three-stage structure has the following transfer function:

LG(s) = A (1 i %) (1 i %) (29)

() () (i) ()

where Ag is the DC gain under the condition of heavy load, which can be calculated as:

A

_ 8mEA&m128m14 (gmpz + gmb)roEArolALro

(30)

8m13

Figure 11 depicts the specific poles and zeros with a bandwidth under the heavy load.
The figure shows that the PM is 59°, which is greater than 45°, indicating that the circuit is
stable overall.
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Figure 11. Open-loop gain simulation of the proposed LDO when I} o4p = 10 mA.

5. Simulation Results and Discussion

The LDO proposed in this paper was implemented and verified in a 180 nm CMOS
process, which supports 0.6-1.2 V supply voltage and 100 mV dropout voltage with a
10 mA maximum load current. The system can remain stable when Cy, ranges between
0 and 1000 pF with a 10 pF on-chip compensation capacitor. When I} pap = 10 HA, Vin
varies from 0.6 V to 1.2V, and I changes from 226 nA to 219 nA. The devices’ size and the
most important parameter values for the proposed OCL-LDO are summarized in Table 1.
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Table 1. Devices’ size and parameters’ value of proposed OCL-LDO.

Component Size Component Size Parameters Value
M;, M, 5u/lu My 500n/5 pn « 0.75
M3, M4 3 u/l 98 M13 500 n/500 n N 6

Ms, Mg, M7 4pu/lp My 3.5 1/500 n K 5150
Mg, Mg 2 u/l H M16 250n/1 88 IMIN 7 nA

Mo, My5 1p/lp Mpy 70 1/180n I 18 nA
M11 1 u/2 88 Mp2 20 rn/180 n

Under the condition of Vi = 600 mV, I;pap increases from 10 pA to 10 mA, Ig
changes from 220 nA to 1.2 pA. The changing trend of I in the two cases is depicted in

Figure 12.
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Figure 12. The I of the proposed LDO when Vjy varies from 0.6 V to 1.2V, I;0op changes from

10 pA to 10 mA.

Only 1.2 pA of quiescent current is consumed when the load current is 10 mA; thus,
it achieves a maximum current efficiency of 99.96% when the load current is 10 mA. The

current efficiency of the LDO under full load conditions is presented in Figure 13.
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o
= 99.0
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Figure 13. The current efficiency of the proposed LDO when I} 4p changes from 10 uA to 10 mA.

The current of MP; and MP, are also shown in Figure 14. From the result, when the
system works as a two-stage, system the current of MP, is almost equal to zero and MP,
increases with I;pap. Once I oap > Ion, MP, is activated, its current increases with Iy o4p

while the current of MP; remains unchanged.
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Figure 14. Ip of MP; and MP, when I} p4p changes from 0 to 1 mA.

Additionally, we simulated the relationship between PM and load current under a
variety of loop conditions. As shown in Table 2, PM decreases with an increase in I;pap
when LDO works in a two-stage manner. However, PM in the three-stage is the opposite.

Table 2. PM with respect to I op in the two working conditions.

Loop 2-Stage 3-Stage
Iroap (A) 100 p 200 1 300 n 1m 5m 9m
PM (deg) 49.1 47.8 44.5 51.1 55.4 58.2

The measured DC load regulation (LDR) is shown in Figure 15a; when the load current
varies from 10 pA to 10 mA, the output voltage changes by 0.05857 mV. Therefore, the LDR
of the LDO is 0.00585759 mV /mA. The simulation results depicted in Figure 15b indicate
that the output voltage only changes to 0.292787 mV when the supply voltage changes
linearly from 0.6 V to 1.2 V. According to the calculation formula, the DC line regulation
(LNR) of LDO is 0.487978 mV / V.
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Figure 15. Simulation results of (a) DC load regulation, (b) DC line regulation.

Figure 16a,b show the measured transient response when the OCL-LDO supply voltage
is set to 0.6 V and the load capacitor is set to 100 pF, respectively. For a 1 ns edge, the
maximum transient response of AVpyr is 230 mV, and the settling time is 5 us. When
the edge is 1 ps, the maximum AVpyr is 140 mV, and the settling time is 3.5 ps, which
represents a significant improvement. There is a minimum overshoot voltage of 95 mV and
a undershoot voltage of 140 mV. However, the transient response is not entirely satisfactory.
These results indicate that the circuit’s performance is satisfactory and there is room for
further improvement. Typically, an undershoot improvement circuit would be included to
enhance the transient response. Nevertheless, due to the constraints of quiescent current,
no improvement circuit has been incorporated.
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Figure 16. Measured dynamic response with a (a) 10 pA to 10 mA load step and 1 ns rising/falling
edges, (b) 10 pA to 10 mA load step and 1 us rising/falling edges.

The trend of the PSR with frequency can be plotted by analyzing the PSR at multiple
frequencies over the course of one measurement. The simulated PSR performance at 10 pA
load current, 0-pF Cr, and 100 mV dropout is shown in Figure 17. Hence, it can be seen
that the minimum PSR is —51.40 dB, —49.17 dB at 1 Hz, and —43.97 dB at 1 k Hz.
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%; —20 t PSRmn= —51.40 dB @ 331,131 Hz
% —30 |
[a
_40 -
_50 =
_60 0. TR | T n .“““IZ F— ‘.....|3 F— ......|4 P ......|5 P ......|6
10 10 10 10 10 10 10

Frequency (Hz)

Figure 17. The simulated PSR performance of the proposed LDO at 10 pA load current, 0 pF Cr, and
100 mV dropout.

Simulations at different temperatures and process corners are conducted to demon-
strate the robustness of the proposed design. The performance results, including minimum
values of PM and GM, quiescent current, LDR, LNR, transient response, current efficiency,
and PSR, are presented in Table 3. The minimum GM under different corners is greater than
50 dB, ensuring high regulation performance under different conditions. I is generally
within 500 nA, with the lowest value being 139 nA at the SS corner of —20 °C; the current
efficiency is at least 99.95%, and the maximum is 99.99%. There is an excellent transient
response at the FF corner of 27 °C, a 2.7 ps recovery time, and a maximum undershoot
voltage of 320 mV. The worst PSR within 50 kHz is —51.4 dB at the TT corner of 27 °C. This
shows that the proposed design can work steadily and perform as expected, even under
extreme conditions. These results predict that the proposed LDO will work reliably after
fabrication, even in the worst-case temperature and process corner.
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Table 3. Performance summary under process and temperature corners.

Parameter 27 °C —20°C 80 °C

Corner TT FF SS FF SF

Gainpn (dB) 68.4 65.1 78.51 71.1 53.4
PMpyn (deg) 53.64 54.98 64.38 53.85 63.33

IQ (nA) 220 370 139 870 424

LNR (mV/V) 0.48 0.78 0.60 0.83 0.73
LDR (LV/mA) 5.85 10.21 15.87 48.87 152.31

A Vour (mV) 230 320 346 465 428

Settling Time (us) 3.8 2.7 7.1 5.3 13.1
Current Efficiency (%) 99.96 99.99 99.99 99.95 99.95
Min. PSR from DC to 50 kHz (dB) —51.4 —63.4 —63.7 —55.9 —62.2

A merit map (FoM) is introduced to reflect the overall performance of the LDO, which
has the following formula:

(31)

CrIpAV,
POM_K(LQOUT>

Alomax?

where [ is the minimum quiescent current, and AVpy7 is the maximum change in output
during transient. Furthermore, K is the edge time ratio and defined by:

At used in the measurement
K= . —. (32)
the smallest At among designs for comparison

In this design, K = 1, bringing the above values into the calculation, the FoM value is
0.0506 ps. The comparison of the proposed LDO’s performance with several state-of-the-art
fully integrated LDOs is presented in Table 4 below. Based on the results of the analysis, the
proposed LDO achieves the lowest dropout voltage, good load regulation, and lowest FoM.

Table 4. Performance comparison with other works.

Paper TCAS-I[30] TPE[31] TPE[32] AEU [33] MDPI[11] MDPI[10] This Work
Year 2018 2018 2020 2021 2022 2022 2023
Technology (nm) 65 130 65 180 40 40 180
Vin (V) 1 1 0.95 1.3 1.1 1.1 0.6
Vour (V) 0.8 0.8 0.8 1.1 0.9 0.9 0.5
Vdrop (mV) 200 200 150 200 200 200 100
Capacitor-less Yes Yes Yes Yes Yes Yes Yes
I10AD (max) (MA) 25 100 100 100 100 100 10
Cr (pF) 0-25p 0-25p 0-100p 0-100p  0-100p 0-100p  0-1000p
Ig (nA) 24.2 112 14 50.25 24.6-65 30 0.22
Line Reg. (mV/V) 0.7 2.25 12 0.75 N.A. 0.2 0.487
Load Reg. (mV/mA) 0.28 0.173 0.09 0.48 0.017 0.25 0.00585
Edge time (ns) 100 10 220 500 100 100 1
Edge time ratio K 100 10 220 500 100 100 1
A Vour (mV) 71 35 230 336 33 23.5 230
Min. PSR from DC to 50 kHz (dB) -11 —22 -33 —22.5 —46 —70 —51.4
FoM (ps) 6.872 0.098 7.084 84.42 0.8118 0.705 0.0506

6. Conclusions

In this paper, an nA-level and 100 mV dropout LDO, combined with bulk modulation
and adaptive power transistors is proposed and simulated in the 0.18 um CMOS process.
The operation principle, circuit implementation, stability analysis, and simulation results
have been presented in detail. Particular attention has been paid to obtaining a low dropout
and low supply voltage by the bulk modulation technology, without an auxiliary amplifier.
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Adaptive power transistors are proposed to switch under different load conditions to
ensure circuit stability while reducing circuit power consumption. In addition, the adaptive
bias mirroring the current from the amplifier itself with bounds is utilized to improve the
transient response. Due to the superiority of ultra-low-power consumption, low supply
voltage, and a fast response, the proposed OCL-LDO is suitable for use as a point-of-load
regulator in energy harvesting.
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Abstract: This paper presents a single-inductor boost converter for thermoelectric energy harvesting.
A two-stages startup circuit with a three-phase operation is adopted to obtain self-startup with a
single inductor. To extract the maximum energy, a coarse- and fine-tuning MPPT is proposed to
adaptively and effectively track the internal source resistance. By designing a zero-current detector,
the synchronization loss is reduced, which significantly improves the peak efficiency. The boost
converter is implemented in a 0.18-pm standard CMOS process. Simulation results show that the
converter self-starts the operation from a TEG voltage of 128 mV and achieves 88% peak efficiency,
providing a maximum output power of 3.78 mW. The improved MPPT enables the converter to
sustain the operation at an input voltage as low as 7.5 mV after self-startup.

Keywords: thermoelectric energy harvesting; maximum power point tracking; boost converter;
self-startup

1. Introduction

Energy harvesting technology can be used in passing sensing devices in internet of
things (IoTs) [1-3] due to the self-power [4,5], which can provide the supply voltage instead
of the battery. Recently, there is a lot of research concentrating on harvesting piezoelectric
energy [6], radio frequency (RF) energy [7], photovoltaic energy [8] and thermoelectric
energy [9-11]. Among them, thermal energy can be widely used in wearable devices [12]
because the thermoelectric generator (TEG) can convert the temperature difference between
human body and the environment into a voltage. However, the output voltage from TEG
is as low as tens of millivolts when the temperature difference is ultra-low. Thus a boost
converter is needed in the thermal energy harvesting system.

In recent years, several boost de—dc converters have been reported for low power op-
eration. Ref. [13] proposed a converter with a zero current switching (ZCS), which operates
at the input voltages ranging from 20 mV to 250 mV. However, there is no MPPT circuit to
extract the maximum energy and the startup process is completed by an additional source.
Meanwhile, a MPPT techinique for variation tolerance was proposed in [14] to improve
the overall efficiency, but the converter utilizes a battery to startup. Boost converters such
as [15,16] can lower the input voltage to tens of millivolts. However, these converters fail
to self-start from a low TEG voltage, which is unable to realize automatic operation.

To achieve coldstart, ref. [17] uses an off-chip transformer but increases the costs and
sizes. The transformer-reuse technique restricts the peak efficiency. A fully integrated
startup approach is adopted in [18,19]. However, the peak efficiency is only 58% and 76%,
respectively, due to the improper loss control. Ref. [20] achieves a high peak efficiency of
83%, but it only starts from a TEG voltage of 220 mV, which is not low enough. Therefore, it
is challenging to achieve a lower voltage startup and high efficiency with only one inductor.

This paper proposes a 88%-efficiency single-inductor boost converter for low power
thermoelectric energy harvesting. A two-stage startup circuit with three phase operation
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is proposed to assist in self-startup of 128 mV. An accurate MPPT is proposed to ensure
the maximum power harvesting even in a low input voltage of 7.5 mV, which, together
with the improved zero current detector (ZCD), also can improve the end-to-end efficiency
within a wide load range.

This paper is organized as follows. The principle of the proposed converter is intro-
duced in Section 2. In Section 3, the concrete circuit implementation is presented. Section 4
shows the verification results, and the conclusion is drawn in Section 5.

2. The Principle of Proposed Converter

As shown in Figure 1, a dual-path boost converter using a single inductor is proposed.
It mainly consists of several parts including the coldstart, MPPT, ZCD, voltage detectors
and regulator. The proposed converter starts its operation from only 128 mV by the two-
stage startup circuit. The stage-I startup circuit consists of the ring oscillator, clock booster
and charge pump. The large duty cycle circuit and 3-stage multiplier are utilized in the
stage-II startup.

S2 S3 .
& Main boost path
v, o— ain boost pa _VogT
_____ N PM2 =TT
s/ | ;ET F e
I_:MPPT lcL Voltage o | [ Vv >~EN| ot
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Figure 1. Architecture of the proposed converter.

2.1. Proposed Three Phase Operation

One of the challenges of this design is to support the low coldstart voltage while
entering the normal operation. In previous cold-start works, the switched capacitor voltage
multiplier, charge pump and voltage multiplier are usually utilized to improve the con-
version efficiency for the initial boost, but their output power is low, which is not suitable
for the main converter operation. However, none of the above converters meet the require-
ments of low input voltage, fast start boost and high conversion efficiency simultaneously.
In this paper, a two-stage startup circuit with three phases is proposed to overcome the
compromise between the low input voltage and efficiency for the TEG application. These
output voltage levels are determined by the signal S2 and 54 from the voltage detectors.
The illustration of the whole operation is presented in Figure 2.

In the startup phase, the stage-I startup self-starts from TEG supply and drives NM1,
as shown in Figure 2a. Since the converter is weak, the load in this phase should be
minimized. The ultra-low-power voltage detectors are designed, which is presented in
Section 3.3.

In order to accumulate energy and generate a sufficiently high voltage at V41;1x, Caux
is designed to be small enough (1 nF). Once Vy4;x is higher than 330 mV, the stage-II
startup is activated by S1 to drive NM2. The charging on C4;x remains until V4;x reaches
600 mV to trigger S2. The bulk of PM2 is biased to V during the self-starting, which avoids
the insufficient current to the body diode. However, since Vo1 is not generated yet, a
dual-path boost phase is needed to assist the converter to enter normal operation.
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In the dual-path boost phase, the control modules are supplied by V4;x. MPPT and
ZCD are enabled by S2 to provide the clock for NM3 and PM2, as shown in Figure 2b.
However, PM1 is a diode structure which causes a drop-off loss. Once V1 reaches 1V,
Vaux and Vpy are shortened by 54.

In the main boost phase, Vot supplies the control modules so that the converter
can work independently, as shown in Figure 2c. Finally, the converter works in a steady
state. NM3 and PM2 are temporarily turned off by EN once VT exceeds 1.2 V. Both
in the dual-path boost and main boost phase, the bulk of PM2 is biased to Vpr, which
can prevent the output current from reversing to the body diode. Figure 2d shows the
waveforms of the whole operation.

The proposed dual-path converter adopts three phases to complete the coldstart and
ultimately enters high-efficiency mode without an additional inductor.
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Figure 2. The three phases of the converter.

2.2. Efficiency Improvement

Another challenge is to improve the efficiency in normal operation. In this paper, the
coldstart block is fully turned off to avoid the additional power consumption. To provide
as much power as possible to the load with sufficiently high output voltage, the converter
should first extract the maximum power from TEG, then efficiently transfer the power to
the load. Owing to the input as low as tens of millivolts, the discontinuous conduction
mode (DCM) is suitable for the converter to reduce switching loss.

2.2.1. Tracking Efficiency

To obtain the maximum input power, it is important to select the value of the inductor,
the on-time of NM3, and the switching frequency. In DCM, the average inductor current
can be expressed as
Vints 1)
2Lx T’
where L is the value of inductor, ;s is the on-time of NM3 and T is the working period.
Therefore, the extracted input power is obtained as

Iave =

Vintis
PIN,m;e = VINIAVE = m

@)
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When the converter operates in the maximum power point (MPP), V;y is equal to
Vr /2. PIN ape can be also expressed as

V%t%s . V%tLS x D

P pr— pr—
IN,ave SLxT SL ’ (3)
where D is the duty cycle of NM3, which is lower than 1. P;y pax is then given as
VZ
P =TI 4
INMAX = 7R~ 4)

Therefore, for a given MPP, the value of ;5 is depended on L. Large L requires large
trs. However, large t1 g causes large ripple in Viy, which decreases the tracking efficiency.
Contrarily, small L needs low t;s. The large duty cycle is required to transfer enough
power to the load. Therefore, the switching frequency should be large, which increases the
switching loss in the low input power. Considering the factors above, a 100 pH inductor is
used to extract the maximum power and reduce power loss.

The fractional open circuit voltage (FOCV) method is adopted because of its conve-
nience. In the MPPT mode, the internal resistor of the converter can be expressed as [16]

2L
.
tisf

From this equation, t; g or f can be adjusted to track MPP. Considering the efficiency
in ultra-low input power, f is fixed and ¢ 5 is adjusted in this paper.

As shown in Figure 3, t1 ¢ is adjusted by the charging current. When Ry is larger than
Rrt, Vin is higher than V1 /2. Then t; s raises to decrease Ry for the impendence matching.
Contrarily, t; s can be reduced to increase Rjy. Because Rt depends on the temperature
difference of TEG, the traceable Rjy should cover a wide range to keep MPP when Rt
deviates from the design value by 12% [14]. To ensure a high tracking speed, coarse tuning
is needed. However, coarse tuning leads to oscillation near MPP, which causes a large
ripple in Vjy. Considering the boost ratio, Rjy can be also expressed as

©)

Rin =

Vi 2L 1

IL,uve frs ' 1— V"/i
our

)- (6)

— e

Coarse _T 5 —T
tuning Ahl Ine lAIz

—

- tuning |
Ler | Main CLKl +—>>Dakn
Clock = C BUFFER

-

Figure 3. The three phases of the converter.

A small change of t; ¢ may decrease the boost ratio. To overcome these shortages, a
fine-coarse tuning is proposed in this design, as shown in Figure 3. In this structure, f; g
can be expressed as

CViy,

fg=— "t 7
L™ T4 AL AL @

128



Micromachines 2023, 14, 60

where Vy, is the threshold voltage of inverter. The range of Ry is defined as Rjy1, which
can be expressed as
2L(I + AL + AL)?
(CVi)2f

where Al is the current change in coarse tuning and Al in fine tuning. To reduce the
power loss in the open-circuit process, the sample period further decreases and less than
the switching period. Since the input ripples may cause a deviation in MPP, which lowers
the tracking efficiency, the input capacitor is added. The circuit implementation of MPPT is
described in Section 3.2 in detail.

2.2.2. Conversion Efficiency

The conversion losses consist of conduction loss, switching loss, synchronization
loss and power consumption of the control block [15]. When the input power is low, the
switching loss is dominant, which can be expressed as

Psw = (K1sCrs + KusCrs) fV3ur, )

where Cr s and Cyyg are the gate capacitors of NM3 and PM2, respectively. K; s and Kpjg are
the power consumption factor of the drivers, respectively, both of which are larger than 1.
According to Equation (9), the switching loss remains unchanged when f is fixed in DCM.

When the input power is high, the dominant part is conduction loss. Since the on-time
of PM2 can be neglected, the conduction loss can be expressed as

trs 5
Peond = f /0 2Ry dt, (10)

where R is the on-resistance of NM3 and I;, is the inductor current. When the converter
works in the MPP mode, P4 is derived as

Vr®Ristrs
P = 11
cond 6LRT (11)
The conduction loss versus the maximum available power can be calculated:
P 2Rpst
cond LS*LS (12)

PiNmMAx 3L

Equation (12) indicates that when R; s is defined, the effect of P,,,,; on the conversion
efficiency remains constant while V1 changes. To reduce Ry, a large NM3 is used. To reduce
the conflict between MPPT control and regulation, a burst control utilizing a dynamic
comparator is adopted to reduce the conduction loss at light load.

Figure 4 shows the non-ideal delay of the PM2 switch. If the PM2 turns off early, a large
overshoot will generate in V; as shown in Figure 4a, which is a reduction in conversion
efficiency. On the contrary, if PM2 turns off late, the output current will reverse to V.
as shown in Figure 4b, which also results in a large loss. Meanwhile, the ideal voltage
conversion for the boost converter can be calculated as

Vour = Vin(1+ ttoiN) (13)
OFF

It can be shown that for a high conversion ratio, forr becomes very short, which causes
a large loss when ZCD is not precisely designed.

To solve these issues, a static comparator with high speed and precision is adopted
to control the turn-off time of PM2 dynamically. Meanwhile, the improper deadtime may
cause a large shoot-through the current to damage the transistor, which must be controlled
reasonably.
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v L

(a) (b)
Figure 4. Detailed diagrams when (a) PM2 turns off early; (b) PM2 turns off late.

In this design, the following measures are taken to reduce the power consumption of
control block. To ensure startup at a low input, the ultra-low-power voltage detectors are
used. Meanwhile, because the synchronization loss leads to a low conversion efficiency,
an accurate ZCD is needed in this paper, which consumes high power. This paper only
enables ZCD within the off-time of NM3 to reduce the dynamic power consumption, which
is described in Section 3.3.

3. Circuit Implementation
3.1. Low Voltage Startup

The coldstart is made up of the two-stages startup circuit. The proposed inductor-
based stage-I startup circuit is depicted in Figure 5. It consists of ring oscillators, clock
boosters and pelliconi charge pumps [21]. Due to the low supply voltage, the output power
of the two charge pumps is limited in the pW level. Therefore, the clock used to drive
NML1 is designed to be as low as 500 Hz. It is challenging for the system to produce a
sustained clock for the charge pumps with a low supply voltage. A feasible scheme is the
inverter-based oscillator. Figure 6 shows three kinds of inverters for the ring oscillators.
The dc gain in the traditional inverter stage as shown in Figure 6a is given as

Ag > \/1+ (w1 /wo)?, (14)

where w; is the oscillation frequency and wy is the 3 dB bandwidth of the inverter. A low
supply voltage degrades the dc gain and the output swing of the inverter. It needs a lot of
inverters, which results in low output frequency. The cascode inverter shown in Figure 6b
and stacked inverter [22] depicted in Figure 6¢c can improve the dc gain and the output
swing by dynamically reducing the leakage current in the discharging phase. The dc gain
of the two inverters can be expressed:

Sm1 8m3.
A — (1 + 8ds1 )gm2 + (1 + 8ds3 )8m4 (15)

8ds2 + 8dsa

where g, and g are the transconductance and channel conductance, respectively. The
increased dc gain enhances the oscillation capability. However, as shown in Figure 6d,
the frequency of the stacked-inverter-based oscillator is much smaller than another one,
which lowers the output current of the charge pump. Therefore, this paper uses five
cascode inverter stages to build the ring oscillator. The simulated frequency is 2.86 kHz at
128 mV supply.
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Figure 6. (a) Conventional inverter; (b) cascode inverter; (c) stacked inverter; (d) the oscillation of
two ring oscillators.

As shown in Figure 7a, the clock booster with a higher amplitude is used to improve
the charge-transfer ability. Once CLK2 is high, Vr and Vj step low while V- and V4 are
high. Hence, both C1 and C2 store a voltage of Viy. Contrarily, C1 and C2 are connected in
series, and Vp is boosted to 3V;y. Similarly, since CLK1 is opposite to CLK2, VE can obtain
—Vin when CLK2 is high. In this way, the clock amplitude is boosted to 4V;y. However,
due to the loss and leakage current, the practical swing is smaller than 4V;y.

VAUX
y B—[>o—|:>OUT
IN
0 Vo S
cLk2 v Cs
IN
'l:>o—D o1 =
Un  vg 3 Ve
" i
clkr D—[ w3 Delay
(@) (b)

Figure 7. (a) The clock booster; (b) the large duty cycle circuit.

In stage-I startup, the two charge pumps are driven by the clocks OUT1 and OUT2
from the clock boosters, which is shown in Figure 8a. If the loss and load are zero, each
charge pump could produce an output voltage at 9 times of V. However, at a low supply,
due to the poor clock driving capacity and the leakage current, the charge pump generates
a lower boost ratio. Figure 8b shows the simulated results of stage-I startup. The 1st charge
pump is driven to charge up Vcp to 450 mV with a 100 pA load. The boost ratio is limited
to 3.5. Meanwhile, the boost ratio of the 2nd charge pump is limited to 1.5 with a 50 pA
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load. The efficiency of each charge pump is 4%. Finally, a clock with a 600 mV output
swing is obtained.

Output from stage-| startup

0.6 -
0.4+
0
OuT1 ouT2 0.4r

Y 7 o2r W 450mv
0

T 17| |TIT 02 WIIII
Vin Vour 0 230mV

—y— ——t 02 CLK1
5 8 ot I 128mv

ouT2 OuUT1 . . . . . )
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
time(s)

(a) (b)

Voltage(V)

Figure 8. (a) The structure of each charge pump; (b) stage-I startup simulation waveform when
VIN =128 mV.

The stage-II startup consists of the large duty cycle circuit and 3-stage multiplier,
which is used to drive NM2. As shown in Figure 7b, when the large duty cycle circuit is
activated, Cg is charged until V4 reaches the threshold voltage of the inverter. Then V3
goes high and turns on SW immediately to discharge Cs. Therefore, Vj is set to be a narrow
pulse, and the output is a large duty cycle. Since the amplitude is not sufficient to drive
NM2, the 3-stage multiplier is used to generate a 4-times output swing.

3.2. Accurate MPPT

Figure 9 shows the structure of the MPPT circuit. Considering the PVT variation, the
duty of LS switch is adjusted by controlling the charging current. Once SW1 and SW2 are
activated, V7 is sampled by disconnecting the converter from the input, and divided in half
by the charge sharing of C; and C,. The sampling frequency is set to be as low as 1/4096
of the switching frequency. Therefore, the energy loss in the open-circuit process can be

neglected.
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Figure 9. Schematic of the MPPT controller.

Then, Viy is compared with V7/2 to decide the duty. The coarse- and fine-tuning
approach is adopted to obtain accurately and fast tracking. The dynamic comparator and
4-bit counter realize coarse tuning cycle by cycle, whereas the static comparator together
with registers starts fine tuning once the coarse tuning is done. Therefore, the duty could
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be calibrated after several cycles to obtain the maximum energy. The ending signal of the
coarse tuning is generated by the detector, which consists of two D flip-flops. When the UP
or DN changes, the detector can sense this transition and set the signal SET to high.

A binary-weighted control with a step of 1 us is employed in the coarse-tuning
process. In fine-tuning, the static comparator controls two registers so that increments and
decrements can be detected. One register increases the duty with Q<3:0>, while the other
decreases the duty with Q<7:4>. Q<7:0> can control the duty cycle with a step of 200 ns.

The quiescent current of the static comparator is 200 nA. To further reduce the aver-
age power consumption, the static comparator only works when both SET and SW3 are
simultaneously high. Since the internal resistor changes with the charging/discharging
action, the ripples of Vjy exist, which lowers the accuracy of MPPT. Therefore, a low-pass
filter is added to reduce this ripple in fine tuning. The off-chip resistors can be replaced
by the pseudo-resistors, which is about 3.4 G2 in 15-300 mV open-circuit voltage. Both C3
and Cy are 100 fF. Thus, the cutoff frequency is designed to be about 468 Hz. The simulated
peak tracking efficiency is 99% with high accuracy and speed, consuming low power.

3.3. Zero Current Detector and Low Power Voltage Detector

The schematic of ZCD is shown in Figure 10a. It is composed of two one-shot circuits,
a RS flip-flop and a static high-precision comparator from [23]. The voltages V} and Vpour
are sensed by the comparator per cycle to detect the inductor current direction. Once the
difference of two voltage-nodes decreases to 0, the HS switch is turned off immediately.
According to Section 3, a proper dead time is needed and realized by the below one-shot
circuit. For quickly and accurately tracking, the comparator consumes 6 pA quiescent
current. Hence, the comparator is only enabled within the off-time of NM3 to reduce the
average power consumption.

L Vour

- WM/WWM

‘ VR|

jo)

—{>o—o cLkP

VS
CLKP

(b)

Figure 10. (a) The ZCD; (b) Simulated waveform of ZCD.

The voltage detector with its waveform is shown in Figure 11. When Vpp reaches
Vivigger, Vour turns high. The trigger voltage is determined by comparing I;;p and Ipown-
To reduce the power consumption, M1-M4 are working in the subthreshold region. Accord-
ing to [24], I;p is expressed as

W+ Yob—Vrm
Iup = Corrre ™, (16)
Ly
where y is the hole mobility, C,y is the gate oxide capacitance per area, m is a constant
value of 1.1, V; is approximately 26 mV at room temperature(T = 300 K), and Vrp; is the
threshold voltage of M2-M4. Ippwn can be expressed as

W-> —VTH2
Ipown = VCoxf;E mvi o, (17)

133



Micromachines 2023, 14, 60

where Vrpp is the threshold voltage of M1. Once Iyp is equal to Ipown, Vrrigger turns high.
If the threshold voltages of M1-M4 are equal and Vg, is set to be 330 mV, the size ratio
is derived as

Wa /Ly _
Wi/Ly

However, if Vry;gee increases to 1V, the size ratio increases to 162,755, which is too
large to implement. So a diode-connected PMOS can be added to M4, and its size is also
Wi /L. Then under the same conditions, the size ratio decreases to 6250. As shown in
Figure 11, the voltage detector can set the triggered voltage by adjusting the quantity of
diode-connected PMOSs.

69. (18)

lup

| !_ (W4/L1)
M4 Vour A
»
| !_ (W1/L4) /
VTrigger --------------------

(Wl/l—l) VDD

VOUT

VTrigger VDD

Figure 11. Schematic of the voltage detector and its waveform.

4. Circuit Verification

The proposed boost converter is implemented in a 0.18-um standard CMOS process.
The TEG is modeled as a DC power supply with an added series resistance of 5 (2. A
100 uH inductor is used for the converter. To reduce the output ripples, the off-chip output
capacitor is designed to be 10 uF.

Figure 12 shows the coldstart process, which demonstrates that the converter starts
with a minimum open-circuit voltage V1 of 128 mV. Under this input condition, it takes
80.5 ms for V4yrx to reach 600 mV. After self-starting, the inductor current is shared by two
boost paths. Once V4 ;x ramps up to 1V, V4yx is shorted with Vot and the converter
enters high-efficiency mode. Finally, the converter works temporarily and regulates Vo
at12 V.

Figure 13a shows the simulated results of the main clock and inductor current with
128 mV V. The frequency is 18.5 kHz and the on-time of LS is about 40 ps. Besides, the
peak inductor current is 28 mA. The results show a negligible leakage in I}, which indicates
the proper current detection under a relatively heavy load condition with I} p4p = 600 pA.
Figure 13b shows the sample phase in 80 mV Vr with a 300 uA output current. Both LS
and HS turn off, and thus, V1 can be sampled. The sample time is 1 ms and V1 decreases
by 30 mV, which results in only 0.02% efficiency reduction in a sample period.
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Figure 13. (a) The simulation results with V7 of 128 mV with 600 pA load; (b) the sample operation.

Figure 14 shows the system operation with MPPT when V7 changes from 300 mV to
15 mV. During 10~20 ms, the converter works intermittently at the open-circuit voltage
of 300 mV, providing 2.5 mA output. After a 10 ms transition, the converter works with
15 mV Vr, providing 1.5 pA output. During 50~60 ms, Vr decreases to only 15 mV, while
the minimum input voltage of proposed converter Viy y1n is about 7.5 mV, which also
means that the proposed MPPT still can efficiently work.

To verify the sensitivity of the proposed circuit to the process as well as temperature
variations, and predict the performance after fabrication, the simulations with temperature
ranging from 0 to 80 °C and different corners are carried out. Figure 15 shows the simulated
output in FF corner at 0 °C and SS corner at 80 °C. The converter can normally work when
Vr changes from 300 mV to 20 mV and finally provides a 1.08 V and 1.25 V regulated output
voltage, respectively. In the tracking phase, the input voltage Vry is about 10 mV, which
indicates that the proposed MPPT can also efficiently and accurately work in different
corners. Table 1 shows that the startup voltage increases to 130 mV in corner FF and 160 mV
in the SS corner.
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Figure 14. The simulated results with V1 from 300 mV to 15 mV.
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Table 1. Startup voltage in different corners.
Corner TT FF SS
Startup voltage (mV) 128 130 160

Table 2 lists the tracking efficiency under the extreme temperatures and process corners.
It can be observed that the tracking efficiency is greater than 93.6% when the input changes.
Table 3 lists the conversion efficiency versus the light load current under different corners
and temperatures. Meanwhile, it can be obtained from Figure 16a that the efficiency during
the heavy load is not sensitive to the process. In the TT corner, the converter is able to
sustain the operation at 15 mV V7, which corresponds to only 1.8 uW output power. The
efficiency is higher than 71.9% when V1 changes from 40 mV to 300 mV. In particular,
the peak efficiency is 88% when Vr is 128 mV. Figure 16b shows the power consumption
of each module when Vr is 128 mV. The ZCD and regulator account for the heaviest
proportion of 76%. The major power consumption of the regulator is attributed to the two
dividing resistors.

136



Micromachines 2023, 14, 60

Table 2. Tracking efficiency under different corners and temperatures.

Corner T Vr Tracking Efficiency
e 5wy e
B 300rn \Y 95"/ 0
80 °C m °
15mV 98.9%
S
I 300m Y 97 7‘(’)/
80 °C m e
20 mV 99.8%
0°C 300 mV 99.1%
ss 20 mV 99%
80°C 300 mV 96.4%
20 mV 99%

Table 3. Conversion efficiency versus light load current under different corners and temperatures.

Vr Itoap Corner T Efficiency
TT 27 °C 47%
300 mV 150 pA FF 80 °C 44%
SS 0°C 43%
TT 27 °C 46%
150 mV 100 pA FF 80 °C 36.5%
SS 0°C 50.1%
TT 27 °C 12.9%
20 mV 2 A FF 80 °C 13.9%
SS 0°C 7%
100
901
801
§:: Zz: 88%@(128mV,720uW) M Regulator:1310nW
g 71.9%@(40mV,60.8uW) W ZCD:1834nW
g 500 ¢ MPPT:395.6nW
& a0 49%@(20mV,9.8uW) M Voltage Detector:439.3nW
301 2%@(20mV,4.46uW) —FF ® Driver:153.6nW
201 ¢}, —16.3%@(15mV,1.8uW) 3
100 5;0 1‘00 1‘50 2‘00 250 ?;00
Vi{mV)
(a) (b)

Figure 16. (a) The conversion efficiency and key output power in different corners in 27 °C; (b) the
power consumption of each module.

Table 4 shows a performance comparison with the previous works. The proposed
circuit provides a self-startup and regulated output with the maximum power of 3.78 mW,
the minimum input voltage of 7.5 mV, and high efficiency of 88%.
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Table 4. Performance comparison.

This Work TCSII [25] LSSC [26] TCSII [27] JSSC [15] ISCAS [9]

Year 2022 2019 2021 2017 2016 2019
Technology (nm) 180 180 130 65 180 250
Inductor (uH) 100 N.A. N.A. 47 33 33

Vi (mV) 15-300 50-300 80-220 20-50 30-180 50-500
VIN,MIN (mV) 7.5 25 40 10 15 25
Vour (V) 1.2 1-1.6 0.3 >1 1.9 3
Rr (QY) 5 30 210 7 210 1
Peak 88% 60% 76.92% 81% 86.6% 81%
Nconn@VIN @64 mV @60 mV @80 mV @25 mV @40 mV @150 mV
Selfstartup 155 1y 190 mV 300 mV N.A. N.A. N.A.
voltage
Startup Coldtsart Coldtsart Coldtsart Exterr'lal External External
method supplies precharge precharge
Maximum
output 3.78 mW 400 pW N.A. 55 uW 30 uW N.A.
power
MPPT YES YES YES NO NO YES
zlszfts] Simulation Measurement Measurement Measurement Measurement Simulation

1 Measurement or Simulation results.

5. Conclusions

A self-startup and single-inductor boost dc—dc converter for thermoelectric energy
harvesting was presented and simulated in a standard 0.18 pm CMOS process in this paper.
Based on the two stages with three-phase operation, the converter achieves self-startup at
as low as 128 mV. Particular attention also was taken to obtain the accurate MPPT with as
low as 7.5 mV input voltage by an adaptive coarse- and fine tuning. With the proposed
MPPT and ZCD control, the converter has a peak efficiency of 88%, providing a maximum
output power of 3.78 mW. These features together create the TEG-based harvester potential
for self-powering wearable devices.
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Abstract: The Internet of Things (IoT) has a great number of sensor nodes distributed in different
environments, and the traditional approach uses batteries to power these nodes: however, the
resultant huge cost of battery replacement means that the battery-powered approach is not the
optimal solution. Micro energy harvesting offers the possibility of self-powered sensor nodes.
This paper provides an overview of energy harvesting technology, and describes the methods for
extracting energy from various sources, including photovoltaic, thermoelectric, piezoelectric, and RF;
in addition, the characteristics of the four types of energy sources and the applicable circuit structures
are summarized. This paper gives the pros and cons of the circuits, and future directions. The design
challenges are the efficiency and size of the circuit. MPPT, as an important method of improving the
system efficiency, is also highlighted and compared.

Keywords: energy harvesting; charge pump; rectifier; maximum power point tracking

1. Introduction

The demand for monitoring and management of smart homes, wearable devices,
biomedical and industrial systems, and infrastructure has enabled the development of
the Internet of Things (IoT) in recent years [1-3]. The IoT requires billions of wireless
sensor network (WSN) nodes, which conventionally rely on battery power: however, the
resultant problem is that the battery capacity is insufficient to last the entire sensor life cycle,
and the labor and resources required to replace the widely distributed batteries require
huge maintenance expense. In addition, the large size of the batteries, and environmental
pollution, mean that this method of powering the IoT nodes is not the optimal solution.
Consequently, technologies that harvest the ambient energy around sensors are gaining
attention as power solutions for low-power IoT applications, with a view to replacing
batteries for powering nodes.

The environmental energies that have been applied include solar, thermal, vibrational,
and radio frequency (RF) energy, and they are obtained through photovoltaic cells (PVCs),
thermoelectric generators (TEGs), piezoelectric harvesters (PEHs), and wireless energy
harvesters (WEHs), respectively. The energy density of environmental energy sources, due
to their fluctuating nature, is usually in the range of pW-mW /mm?, with the possibility of
going down to the pW order of magnitude under extreme conditions: for example, in an
indoor environment, PV cells can harvest energy in the range of 10-100 uW/ mm?2, while
in an outdoor environment this value increases to 10-100 mW /mm?. For piezoelectric
and thermal energy, the environment in which the PEH and the TEG are located will also
have an impact on the energy density harvested: if they are based on human harvesting,
the resonant frequency of the PEH is lower, and the range of energy that can be harvested
by the TEG is reduced, with the result that the energy density of both is in the uW order;
however, if the PEH and the TEG are in an industrial environment—where the former
has a higher resonant frequency, and the latter can harvest an increased temperature
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difference—then the energy density can reach the order of mW. Furthermore, RF energy is
too weak, and it is difficult to harvest energy up to the mW level, but the advantage is that
the energy is uninterrupted. Table 1 classifies the four types of energy harvesters according
to their characteristics:

Table 1. Classifications of Energy Sources.

Type PVC TEG PEH WEH
Voltage High Low High High
Current Low High Low Low

Type DC DC AC AC

Drive Capability General Strong General Weak

DC, direct current; AC, alternating current.

The biggest problem with energy in the natural environment is its instability and weak
nature. How to efficiently harvest environmental micro energy in a small area is the biggest
challenge faced by the micro energy harvester system: for example, some energy sources
have very low input voltage (<0.2 V), and conventional voltage converter systems suffer
poor conversion efficiency or are even no longer valid; therefore, it is necessary to explore
more effective boost circuits. This paper summarizes the respective characteristics and
applicable topologies of the four energies, including the advantages and disadvantages
of various boost converter structures and application scenarios—with special attention
given to the applicability of different methods of maximum power extraction—and it
also gives suggested future development directions. The rest of this article is organized as
follows: Section 2 describes the circuit structures of the PV energy harvesting, and compares
the pros and cons of the MPPT methods used in the micro energy harvesting scenario;
Section 3 presents the differences between thermal energy harvesting and photovoltaic
energy harvesting; in Section 4, the circuits applied to piezoelectric energy harvesting
are introduced; Section 5 summarizes the structure of RF energy harvesting; in Section 6,
the structures for simultaneous harvesting of multiple energies are described; Section 7
explains the directions and suggestions for future development; finally, Section 8 concludes
the paper.

2. Photovoltaic Energy Harvesting

The benefit of solar energy is high density and ubiquity: the shortcoming is its nature,
in that it is heavily influenced by the weather, and it is not readily available. Solar energy
is generated via PVCs, to produce direct current, and a DC-DC converter transforms the
unstable low voltage to a stable high voltage. Switching circuits, based on inductors or
capacitors, can be used to implement DC-DC converters, with boost structures often used
for inductor-based converters, and charge pump structures for capacitor-based converters.
The capacitor-based converter is the main structure applied in solar energy collection
systems, due to its ease of integration, low EMI, and flexible boost function. The output
voltage of the converter can be regulated by a low dropout regulator. The unavailability of
sunlight in dark environments makes the energy storage unit an integral part of the system,
in order to maintain smooth operation. Assuming that the performance of the photovoltaic
modules is in ideal conditions—such as adequate illumination and unshaded—then the
following two factors will improve the efficiency of a solar energy harvesting system:
(1) improving the efficiency of the DC-DC converter; (2) reducing the energy losses between
the PV cells and the DC-DC converter, which can be achieved by the maximum power
point tracking (MPPT) technique. However, when the power output is different between
the PV cells, the generated power will be significantly restricted: this condition is known as
“unbalanced generation”. The imbalance may come from various sources, such as shadows
from obstacles, moving clouds, and dust covering. Xiao et al. reported that this mismatch
can have a disproportionate impact on system performance, because the module cell with
the lowest output limits the current path through the other elements in the string, which can
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produce significant power losses. Consequently, for multi-source solar energy harvesting
systems it is necessary to research anti-shading function, to cope with the losses due to
the power imbalance between cells, arising from shading by trees or objects, that tends
to occur in the application scenarios [4]. In high-power solar systems, this mismatch is
usually solved with a flyback topology, whereas in microscale energy harvesting systems,
this approach is too large and lossy.

To solve the problem of unbalanced solar power generation in micro energy harvesting
systems, Jeong et al. have proposed an efficiency-aware collaborative multi-charging
system that can improve the total conversion efficiency by adaptively distributing the input
power among different cells, according to the power level, when the PV cells are partially
shaded [5]. Kermadi et al. have proposed an MPPT technique whereby the MPP tracking is
guaranteed under complex partial shading conditions [6].

For semiconductors, the types of loss include conduction and switching. Switching
losses are positively correlated with frequency; however, the efficiency of MPPT decreases
when the frequency is low; therefore, there is a frequency at which a balance between
reducing switching losses and increasing the MPPT efficiency can be achieved. At the same
time, the conduction losses are positively correlated with the forward conduction resistance.
The three losses contribute differently to the total losses at different power levels: hence,
the frequency can be adjusted appropriately at various system powers to achieve the lowest
overall losses [7].

2.1. Structure of the Inductor-Based Energy Converter

Liu et al. have applied a dual-path six-switch (2P6S) converter with boost structure, as
shown in Figure 1a. The 2P6S converter includes two paths: the direct path and the indirect
path; the charge reaches the load from the PV cell through the direct path; the indirect
path is from the PV cell through the battery to the load [8]. Wang et al. have proposed a
dual-path three-switch (2P3S) converter based on the 2P6S structure, as shown in Figure 1b.
The 2P3S converter reduces the number of charge-sharing power switches, but increases
the direct path efficiency, while decreasing the indirect path power conversion efficiency
(PCE); it also has the limitation that Vp and Vp must be greater than V} [9]. To reduce the
efficiency of the indirect path, Huang et al. have proposed a single-path three-switch (1P3S)
converter, as shown in Figure 1c [10]. The disadvantages of the 1P3S converter are the
lack of direct paths, and the constraint that Vp and V| must be larger than V. The three
configurations are suitable for different situations: 2P6S is the universal solution for most
applications; 2P3S is the solution for a WSN with frequent operation; and 1P3S can be used
in a WSN with a low duty cycle and standby power.
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Figure 1. Cont.

142



Micromachines 2022, 13, 2222

Vp
Bat. S
T I
Vp mﬂ VL
= LL e
| S I
PV ! —I_ Lo C ]load
CP S 3 L
(b)
V
' Ta sl
Iload —I_ L
= P l b _ VU
PV ST o

(c)

Figure 1. (a) 2P6S converter, (b) 2P3S converter, (c) 1P3S converter.

2.2. Charge Pump Topologies

Inductor-based converters are usually suitable for applications larger than 100 mW.
The disadvantage of inductor-based technology is that it typically requires an off-chip
inductor in the mH level, occupying a space of about 100 mm?, whereas a surface mount
ceramic capacitor can take up a size of fewer than 0.5 mm?. In addition, capacitor-based
structures have the benefit of being chosen for low-power-IoT and small-area applications,
because they are easy to integrate. Given the cost efficiency of using capacitors, capacitor-
based technologies have been developing in recent years.

The charge pump (CP) is one of the inductor-less DC-DC converters. This capacitor-
based boost circuit was first proposed by Dickson in 1976, and is widely used in integrated
circuits [11,12]. The chain of the Dickson CP is shown in Figure 2: each cell includes a
charge transfer switch (CTS) and a pump capacitor, where the CTS acts as a switch, and
consists of a diode or transistor [13].

CTS CTS CTS CTS CTS
Vin Vour

CAl SV S Y S R E— S ] BF
J_C J_C J‘_C J‘C To
T T T T I
Vek Vex Vek Vek =

Figure 2. Simplified scheme of a linear Dickson charge pump.

The main factor that limits the efficiency of the Dickson CP structure and the output
voltage is the threshold voltage (V1y), which can be seen in Equation (1):

Vi I
Vour = (Vin — Vru) + N(ﬁ - VTH) ~ N irano @
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where V(g is the voltage of the clock pulse, a7 is the ratio of the CTS parasitic capacitance
to the pump capacitance, Ioy7 is the current at the load, and fck is the clock frequency. To
improve the CP’s conversion efficiency, novel techniques are proposed.

2.3. Efficiency-Improving Topologies
2.3.1. Gate Biasing and Body Biasing Techniques

Controlled-switch technology using a CP was applied to memory for the first time.
A simplified structure of the gate biasing technique is shown in Figure 3. In [14,15] it is
used to generate positive and negative voltages efficiently: the difference is that NMOS
is employed for positive generation, and PMOS is applied for negative generation. This
scheme is characterized by the need to use a four-phase non-overlapping clock and an
auxiliary boost capacitor. In this process, the gate voltage is constant, and is not affected
by other voltage fluctuations, and M; can conduct, as long as the gate-to-source voltage is
higher than the V.

=
=

" I C=>x= . | lod=

P18 )] P28 P2
Figure 3. Gate biasing CP.

As the MOS switch in a bootstrap CP can replace the MOS diode in a Dickson CP,
the ON resistance can be significantly reduced; however, it is difficult for the bootstrap
CP to continue to achieve high conversion efficiency when the input voltage Vv is below
100 mV. Fuketa et al. have improved the bootstrap CP, and have proposed a gate-boosted
CP, where changing the signal amplitude of ¢;p and ¢,p from Vjy to the output voltage
Vi can further reduce the ON resistance, and enhance performance [16].

The Vry is affected by the difference between the substrate and the source voltage;
therefore, the bias of the wells of the MOSFET can be employed to reduce the Vry so that
the effective input voltage of the CP is further reduced. The body biasing solution was first
proposed by Sawada et al. in [17], as shown in Figure 4, where the source and the substrate
of the MOSEFET are shorted together. This connection allows the MOS to have the same
threshold, and decreases the reverse losses.

Cs

2} @28 )
Figure 4. Body biasing CP.
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2.3.2. Cross-Coupled Charge Pump

The cross-coupled CP, also called the latched CP, evolved from a two-stage CP, shown
in Figure 5a, and is usually used as a voltage doubler or shifter: it was first proposed by
Nakagome et al. as a word line driver with feedback, and so the structure is also known
as Nakagome’s cell [18]. Figure 5b shows the coupling of Nakagome’s cell with a double
series MOSFET, which was first published by Gariboldi and Pulvirenti as a monolithic
quad line driver, a structure that constitutes a unit of a cross-coupled CP [19].

Vop Vop
W :“ N ”J‘ Voo ::l l:; 1T]
1] 1L 2V
C; C, 0 1
T T 1,
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;5 b sal
(a) (b)
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Viv = = = = Vour
I jL i J}L I C
- L_%qcm l?c )
Vek Vex
(c)

Figure 5. Nakagome’s cell scheme: (a) without PMOS switches; (b) with PMOS switches; (c) a
cross-coupled charge pump.

Cross-coupled CPs, as shown in Figure 5c, are similar in structure to dual-branch
circuits; therefore, the pumping capacitance of a single-stage cross-coupled CP is half
that of a traditional Dickson CP, so the corresponding MOSFET size is smaller. The cross-
coupled structure reduces circuit ripple, and increases charge transfer efficiency. In addition,
gate biasing and body biasing techniques can be superimposed on the cross-coupled CP
structure, to further improve the PCE. The MOSFET is in a linear condition in the operating
state, which turns off when in the inverted state.

Based on the above, many literatures have proposed modification of the CP structure.
In [20], the charge current of a three-stage cross-coupled CP without and with a phase-
shifted clock was derived, and the experimental results showed a threefold reduction in
the charge current ripple, and achieved a PCE of 69%. Tsuji et al. proposed a low-leakage
current driver matched with a three-stage CP to achieve high output voltage, wide load
current, and 70.3% peak efficiency [21]. Peng et al. utilized both gate biasing and body
biasing techniques to operate the CP circuit in the subthreshold region, with operating
voltages as low as 320 mV in a 0.18 um standard process [22]. In addition, forward body
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biasing (FBB) was first proposed by Chen et al. in [23], and this technique, when applied
to a three-stage CP circuit, can achieve an output current improvement rate of 150% at
an input voltage of 0.18 V. The dynamic body biasing (DBB) technique employed in [24]
enhances the current transfer level, by preventing the reverse current of the cross-coupled
NMOS, resulting in a 240% increase in the maximum output current, compared to using
only conventional FBB.

2.3.3. Clock-Boosted Charge Pump

An additional improvement to the Dickson CP is the clock boost method. A quanti-
tative analysis of the dynamic performance of the CP is presented in [25], which shows
that decreasing the number of stages facilitates a reduction in rise time: however, this
mechanism is at the expense of reducing the output voltage amplitude. The solution is to
increase the clock voltage, which can reach twice the amplitude of the supply voltage by
cascading Nakagome’s cells, as in Figure 6b. A CP circuit with a clock booster (CKB) can
reduce the rise time while maintaining the same area, or cut the area of the silicon used
while keeping the rise time constant, and the improvement rate can reach 60%; however, the
limited drive capability of the CKB potentially weakens the speed benefits of the reduced
number of stages.

CTS, CTS, CTS; CTS,

VIN VOU T

o F l@% lC%—l: ------ o+ I
I l

Vexs
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C -----------
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Figure 6. Clock-boosted CP: (a) simplified scheme; (b) multi-stage scheme.
Yietal. proposed a differential bootstrapped ring-VCO (BTRO). The BTRO can harvest
energy at low input voltages, to achieve a 1:10 boost ratio [26]. A BTRO composed of three

inverter delay cells can generate a six-phase clock signal with swing boost, reducing the
number of driven CP stages to only three, effectively increasing the PCE while significantly
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reducing the dependence of the clock frequency on the load capability. Each inverter delay
unit that makes up the BTRO consists of two voltage triplers with two pairs of differential
outputs to drive the delay unit and the CP element, respectively.

2.4. MPPT Techniques

The I/V characteristics of PVCs are nonlinear and have only one MPP, a value that
varies with light level and temperature. To enable the circuit to continuously capture the
MPP, and thus extract the maximum power, the MPPT technique was developed. The
PV MPPT techniques are summarized in [27], including the hill climbing algorithm, the
perturbation and observation (P&O) algorithm, conductance increment, fractional open-
circuit voltage (FOCYV), fractional short-circuit current (FSCC), and so on, to a total of
19 MPPT methods.

As the implementation of MPPT in micro energy harvesting systems needs to satisfy
the characteristics of low cost, small size, and high efficiency, Han analyzed and compared
the best fixed voltage (TBFV), FOCV, FSCC, load current maximization (LCM), and P&O
methods that are applicable to micro systems. The comparative results show that the
FOCYV method is simple and inexpensive in circuitry, consumes less power, and can meet
sufficient accuracy requirements, making it the most commonly used MPPT method in
micro energy harvesting systems [28]. In addition, the P&O and hill climbing methods, as
well as the artificial neural network (ANN) method, have been used extensively in solar
energy harvesting.

2.4.1. Principle of the FOCV Method

The Vijpp of PV arrays are linearly related to V¢ at different irradiance and tempera-
ture conditions, which is the principle of the FOCV method:

Vmpp =~ aVpc )

where « is a constant, determined by the characteristics of the PV array, and takes a value
between 0.71 and 0.78. The empirical value of « for a particular PV array needs to be deter-
mined in advance under different conditions, when being applied. The V¢ is extracted
by briefly disconnecting the power converter, and then passing it through the operator to
reach the MPP: however, power losses are incurred in this process, and additional circuitry
and memory devices—usually large capacitors—are required to maintain power to the
load during the disconnection circuit. Various approaches have been proposed, to solve
these problems. To reduce the losses in the disconnected circuit, Kobayashi et al. propose
that the voltage generated by the PN junction diode can reach 75% of the V¢, which can
avoid arithmetic, and directly approximate the Vj;pp [29]. A delay block is added in [30],
to reduce the sampling time, which can decrease the losses, and a flash ADC is used in [31],
to quantize the V¢ for the purpose of cancelling large capacitors.

Although Equation (2) is an asymptotic formula, it is adequate for approximation in
cases where low precision is required: it does not demand complex controls and operations,
and can make a good compromise between cost and performance.

2.4.2. The Hill Climbing and P&O Algorithms

The hill climbing and P&O algorithms are two methods of performing MPPT opti-
mization to produce the same effect. The hill climbing method provides perturbation, by
changing the duty cycle of the power converter, while the P&O algorithm offers pertur-
bation by altering the operating voltage of the PV array; both algorithms yield the same
result when the converter and the PV array are connected [27]. With the gradual increase in
the application of capacitive DC-DC converters for energy harvesting, research on the hill
climbing and P&O methods is also increasing. Unlike FOCYV, the hill climbing and P&O
methods are applied without disconnecting the circuit. The on-chip implementation of the
MPPT control system with the P&O method retains high performance characteristics with
low design complexity [32].
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To match the impedance of the boost converter with the PV cell, the switching fre-
quency, switching width, conversion ratio, and capacitance value of the converter can be
adjusted separately or simultaneously: this is called the hill climbing method. When only
one variable is changed, it is called one-dimension (1-D) MPPT, and is used in [33,34]; two-
dimension (2-D) MPPT [33] changes two variables; three-dimension (3-D) MPPT is used
in [35] to track the MPP of the PV cell by adjusting three variables. The advantage of the hill
climbing method is high accuracy, and the disadvantages are a complex control circuit, high
power consumption, and slow convergence; another problem is that the maximum power
extraction cannot be effectively performed when the environment is changing rapidly and
the PV module is shaded, as with the P&O method.

The power consumption of the FOCV, P&O, and hill climbing methods is presented
in [36]: the data show that these three MPPT methods consume energy in the order of pW.

2.4.3. Other Promising MPPT Control Methods

The negative feedback control (NFC)-based low-overhead adaptive MPPT (AMPPT)
method was first proposed by Lu et al. in [37], with the benefit that it has a simple control
circuit and low power consumption compared to the hill climbing method: however, the
disadvantage is that it requires the design of a dedicated voltage-controlled oscillator
(VCO), so that it is not suitable for non-custom cases. In order to improve the adaptability
of the circuit system to PV cells, and to make the system more suitable for industrialization,
Wang et al. have proposed an improved AMPPT method aided by a neural network (NN)
model [38]. Unlike the electrical equivalent model traditionally used to simulate PV cells,
the neural network-assisted adaptive MPPT (NN-A-AMPPT) uses data to train the NN
model to simulate PV cells, and proposes a reconfigurable VCO based on BJT.

The application of artificial intelligence (Al) algorithms, such as NN and optimization,
as well as hybrid algorithms for solar energy harvesting, is described and compared in [39],
which includes ANN and particle swarm optimization (PSO), for accurately tracking
MPPs in any atmospheric conditions. Yap et al. evaluated the pros and cons, unresolved
issues, and technical implementations of Al-based MPPT techniques [40]. For low-power
systems, Al algorithms require large amounts of data, with slow convergence and high
power consumption. Three NN algorithms corresponding to solar energy harvesting
were analyzed and compared in [41]. Ahmed et al. compared the effectiveness of four
traditional MPPT algorithms and ANN algorithms, and the results showed that the artificial
intelligence network had the best MPP tracking [42]. Tabrizi et al. have proposed a digital
MPPT algorithm that can achieve maximum power transfer by varying the number of CP
stages under different load conditions when using a CP as a DC converter, and can avoid
disconnecting the circuit from the source, suitable for ultra-low power consumption [43].

3. Thermal Energy Harvesting

Similar to solar energy, thermal energy is also in the form of DC, but the energy
harvesting based on thermal energy is more sensitive to losses. In addition, of the four
energy sources mentioned in this paper, the driving ability of the circuit based on thermal
energy harvesting is the strongest. Unlike PV cells, the simple series configuration of
thermoelectric modules can extract most of the available power, even in the presence of
rather large mismatches among the modules. In addition, the MPPT method applied to
solar energy is suited to thermal energy. FOCV is the most commonly used MPPT method.
The results of four MPPT algorithms—P&O, Incremental Conductance (INC), Open Circuit
Voltage (OCV), and Short Circuit Current (SCC)—applied to the same thermoelectric energy
harvesting system were analyzed in [44], and show that the OCV algorithm has the fastest
charging speed; however, unlike solar energy harvesting, « is taken as 0.5 in the FOCV
based on thermal energy harvesting.

Thermal energy is characterized by low harvesting voltage: the output voltage of
TEGs that harvest thermal energy is only in the range of 40 to 100 mV /K [45], so a boost
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converter with a low starting voltage is needed, and because of the low starting voltage,
converters with self-starting capabilities are desired.

A fully built-in low-voltage start-up boost converter was proposed in [46], which can
achieve a minimum start-up voltage of 82 mV. The input voltage range is 60-460 mV, and
the output voltage range is 1-1.8 V. It has the static power of microwatt level, and a peak
efficiency of 78.55%, by using a modified Schmitt trigger low-leakage logic gate. Radin
et al. co-designed the oscillator and CP to provide self-starting and efficient conversion
at ultra-low input voltages, achieving a minimum start-up voltage of 11 mV, and an
operating voltage of 7.3 mV, with a peak efficiency of 85% at 140 mV input voltage, enabling
the autonomous and efficient operation of the on-body device provided by a TEG at a
temperature in the order of 1 °C gradient [47].

As thermal energy is more sensitive to losses, zero-current switching (ZCS) technology
is commonly used in converters, to further reduce system energy losses and improve
efficiency [7,30,47]. ZCS is a soft-switching technology used to ensure that the current
waveforms do not overlap during switch-on and switch-off, thereby greatly reducing
switching losses, as opposed to hard-switching technology, which has higher switching
losses [48].

4. Piezoelectric Energy Harvesting

A complete PEH system can be divided into a vibration source and an interface circuit,
in which the vibration source consists of a current source, Ip, an intrinsic capacitance,
Cp, and a resistance, R, in parallel. R can be neglected sometimes, as the value of R is
much higher than C, at the resonant frequency. Ambient vibration sources typically have
frequencies below 500 Hz: as a result, an interface circuit is needed to convert AC power to
DC power, as required by the WSN. PEH interfaces can commonly be divided into three
categories: (1) energy storage device-free; (2) inductor-based; (3) capacitor-based.

4.1. Energy Storage Device-Free Interface

An energy storage device-free interface comprises a rectifier with a simple structure
that is easy to implement for full interface integration. The rectifier is dominated by a
full-bridge rectifier (FBR), which sets a high Vy for the generated energy extracted by
the circuit. Figure 7 shows the FBR circuit used for piezoelectric energy harvesting, and
its corresponding waveform, respectively. The shaded part on the right shows the losses
caused by the voltage flip, from which it can be seen that it significantly limits the power
efficiency, especially at low excitation levels.
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Figure 7. FBR (a) structure, (b) waveforms.

Ghovanloo et al. have proposed a fully integrated wideband high-current rectifier,
replacing the two diodes in the FBR by two cross-coupled PMOS transistors. A comparison
between the FBR and the PMOS rectifier with cross-coupling is shown in Figure 8 [49]. The

149



Micromachines 2022, 13, 2222

gates of the cross-coupled PMOS transistors have a larger voltage swing drive than the
diode-connected transistors, so a higher on/off current ratio can be achieved: however, the
bottom two diodes are still implemented by the diode-connected transistors to block the
reverse current, and the efficiency is not optimized [50].
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Figure 8. (a) FBR, (b) rectifier with cross-coupled PMOS.

To further reduce the reverse current, an active rectifier based on PMOS with cross-
coupling is proposed, to improve the efficiency. The power losses due to the voltage drop of
the forward voltage can be greatly reduced by replacing the diode with actively controlled
transistors. Chang et al. have proposed a rectifier with active and non-overlapping control,
as shown in Figure 9: the unbalanced comparator reduces the reverse current, and the
non-overlapping control minimizes the additional losses caused by the transistors turning
on and oscillating at the same time, and improves the power extraction efficiency and the
voltage conversion ratio [51]. In this way, a PCE of 95% can be achieved at 20 k() and

200 kO load conditions.
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Figure 9. Active rectifier with non-overlapping control.
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Ver

4.2. Inductor-Based Interface

Inductor-based rectification techniques include synchronous electrical charge extrac-
tion (SECE) [52], energy investing (EI) [53], and synchronous switch harvesting on inductor
(SSHI) [54]. In order to improve the power extraction efficiency and reduce the losses due
to the FBR, a phase-controlled switch and an inductor can be added to the FBR to form
an SSHI circuit, with the degree of performance improvement defined by the maximum
output improvement rate (MOPIR):

Prect,max
MOPIR = m (©)]
where Prect max and PpgRr imax are the maximum output powers of the corresponding interface
circuits at the rectifier and FBR outputs, respectively.

Figure 10 shows the structure of the SSHI circuit and its waveform: the synchronous
pulse signal ¢sgpy controls L, and thus the RLC oscillation loop, to flip the voltage. The
value of Vpr is Vs + 2Vp or—(Vs + 2Vp) before Ip crosses the zero point, and the voltage
flips to —VF or Vr after the zero point. The absolute value of the resulting flip voltage,
Vr, is always less than Vs 4 2Vp, due to the resistive damping. Vr can be expressed as
Vi = (Vs +2Vp)exp(—m/+/(4L/(R2Cp)) — 1) [55]. After the voltage flip, the value of
| Vi | continues to rise to Vs + 2Vp, during which the energy losses of the shaded part are
generated. It can be seen that the losses generated by the SSHI circuit are greatly reduced,
compared to the FBR. The efficiency of the SSHI circuit can be presented as:

v,
NSSHI = Vegavp — exp(—#l) 4)
VRG

where Cp is the intrinsic capacitance of the piezoelectric transducer (PT), L is the inductor,
and R is the total resistance in the RLC loop, including the DC resistance of the inductor,
the on-resistance of the switch, and other parasitic components.
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Figure 10. SSHI (a) structure, (b) waveforms [55].

Improving the performance of the SSHI circuit can be achieved by increasing the value
of L and decreasing the value of Cp and R. It is worth noting that increasing L will result
in a certain growth in R. The design of the SSHI in [54] can improve the energy extraction
performance by an MOPIR of 5.8, with a DC output power of 40.6 uW and a power density
of 8.12 mW/cm?.

SSHIs can be divided into series synchronous switch harvesting on inductors (5-SSHIs),
and parallel synchronous switch harvesting on inductors (P-SSHIs). The SSHI synchronously
flips the voltage on the PT, to minimize energy wastage due to internal capacitor charging
and discharging, making it one of the most energy-efficient circuits, which ideally has no
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charge wastage; however, the efficiency of the SSHI does not reach 100%, due to the syn-
chronous switching damping effect. Dell’Anna et al. have summarized the characteristics
of other inductor-based rectifier schemes, such as SECE, Hybrid SSHI, and EI [56].

4.3. Capacitor-Based Interface

Capacitor-based circuits applied to piezoelectric energy harvesting include the synchro-
nized switch harvesting on capacitor (SSHC) [57], the flipping-capacitor rectifier (FCR) [58],
and the split-phase flipping-capacitor rectifier (SPFCR) [59], which allow on-chip integra-
tion by avoiding the use of off-chip inductors.

Figure 11 shows the circuit diagram of the SSHC interface with one charge-swap
capacitor and its corresponding waveform. A switched-capacitor (SC) interface circuit uses
three pulsed signals (¢, ¢,, and ¢p) to control five switches without overlapping. When
the current crosses zero, and Vpr needs to be flipped from the high voltage Vg + 2Vp, then
¢p, o, and ¢, conduct in turn, to bring Vpr down to —1/3 (Vs + 2Vp) and vice versa, with
a voltage flipping efficiency of 1/3. The voltage flipping efficiency further increases when
more SC modules are added. Du et al. has summarized the voltage flipping efficiency
for an SSHC with 1-8 SCs, and the inductance required for an SSHI to achieve the same
efficiency, respectively, which shows that an SSHC can significantly reduce the system size
by using capacitors [55].
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Figure 11. SSHC (a) with one charge-swap capacitor, (b) waveforms [55].

Capacitor rectification needs to achieve more flipping phases with less capacitors,
to make the energy extraction efficiency as high as possible; however, too many flipping
phases increase the control losses; therefore, the flipping phases need to be minimized
without sacrificing the energy extraction efficiency. The SPFCR is proposed in [59], to
achieve 21 flipping phases with four capacitors and MOPIR up to 9.3 times.

4.4. Maximum Power Extraction

Maximum power transfer occurs when the input impedance of the AC-DC converter
is a complex conjugate of the PT source impedance; however, matching the capacitive com-
ponent of the PT source with an inductor in the converter is impractical, as the inductance
can be very large—in the tens to hundreds of the Henry range [60]. Li et al. proposed an
up-conversion technique, to reduce the system area by impedance matching, after shifting
the frequency of the energy generated by the PT source to a higher value [61]. On the other
hand, because the source impedance varies with the excitation frequency, the load needs to
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Impedance
matching
network

operate at optimal conditions, in order to improve efficiency. This means that the DC-DC
converter also needs to convert the rectified voltage according to the load requirements.

Ottman et al. used a DC-DC converter followed by the rectifier to regulate the load,
but the circuit used two stages [62]. John Turner et al. used a bidirectional DC-DC converter
with feedforward control to simulate a parallel RL load, but the circuit power dissipation
was relatively large for small-scale systems [63]. Chew et al. implemented simultaneous
MPPT and voltage regulation, using a single DC-DC converter [64]. The SSHI technique
eliminates the capacitance term by voltage flipping, but does not reach the maximum
power transfer. SSHIs and SSHCs can harvest energy efficiently from broadband excitation:
however, the final power extracted is all load-dependent; hence, the variation of the load
affects the efficiency.

A series of MPPT methods have been proposed. In [65,66] an FBR combined with
the FOCV method, to extract the maximum power from the PT, was applied. To improve
the rectifier efficiency, Kawai et al. designed a P-SSHI circuit with FOCV [67]. The FOCV
method requires disconnecting the circuit to detect the open-circuit voltage: to reduce the
power losses, Fang et al. proposed a method called fractional normal operating voltage
(FNOV), based on S-SSHI, to avoid disconnecting the PEH from the load [68]. P-SSHI
circuits combined with P&O MPPT techniques were proposed by Li et al. in [69], and
a self-adjusting phase-shift-based SECE technique was proposed by Morel et al. in [70].
Wang et al. proposed an emerging MPPT technique based on envelope extraction without
programmable control units and without disconnecting the circuit, with rectifiers using
SSHI architecture [71]. An adjustable-delay SSHC method was proposed by Liao Wu et al.
in [72], to regulate the power flowing into the load, by adjusting the pulse width of
the switching pulse signal in the SSHC, avoiding the use of a second-stage circuit and
inductors, and thus reducing the complexity of the circuit. In [59], a switched-capacitor
DC-DC converter was composed of capacitors in the non-flipping state for load regulation,
and a multi-voltage conversion ratio (MVCR) was obtained. An active rectifier circuit
with two-dimensional P&O control was proposed in [73], which could track the maximum
power point quickly, and be error-free.

5. RF Energy Harvesting

Compared to piezoelectric, RF energy has lower power density, yet the advantage
is that it is not affected by energy irregularities, and has high reliability. The RF energy
harvesting (RFEH) system can be classified into near-field RFEH and far-field RFEH: when
the distance between transmitter and receiver is within the Fraunhofer distance, it is called
near-field RFEH, and vice versa for far-field RFEH. Far-field RF is also known as ambient
RF. The power density of far-field RF is lower than that of near-field RF.

Unlike near-field RF, far-field RFEH in the electric field (E) and magnetic field (H) has
equal amplitude in the same point: hence, the received power of the antenna is quantifiable
and predictable, and the received power can be calculated by

PrxGrxGrxA®

Prx = R ®)

where Pry is the transmitted power, Gryx is the transmitting antenna gain, Gry is the
receiving antenna gain, and R is the distance between the transmitting and receiving
antenna. The architecture of the RFEH system is shown in Figure 12.

Load

DC-DC
(optional)

Rectifier Storage

Figure 12. The architecture of the RFEH system.
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As the rectifier is a nonlinear circuit, input impedance will vary with the level of
Vin rec- It is necessary to design the impedance matching network (IMN) to ensure matching
between the output impedance of the antenna and the input impedance of the rectifier. In
RFEH applications, the IMN has another role, of reducing the reflection from the load to the
input; in addition, the IMN sometimes acts as a passive booster to improve the sensitivity of
the circuit. The IMN consists of inductors and capacitors in general. Co-design, transformer
matching, and reconfigurable matching can also be applied to IMN design [74].

The DC-DC converter can assist in boosting the voltage when the DC voltage output
from the rectifier is not enough to power the load. The DC-DC converter also has the role
of regulating the load for impedance matching, and is an optional module in RFEH systems.
As this DC-DC converter with higher input voltage is not used as the main converter, and
the technology is mature, it is not introduced in this paper.

5.1. RF-DC Rectifier

Converters that transform RF signals are called RF-DC, and are measured in terms
of power metrics, including sensitivity and PCE. Factors that affect both measures are
the input and output signal, the circuit topology, and the device parameters. RF-DC
rectifiers are divided into three categories: (1) diode rectification; (2) Dickson method;
(3) cross-coupled rectification [74].

Schottky diodes have a low turn-on voltage characteristic [75], and can replace diodes,
to improve converter efficiency; however, the manufacturing of Schottky diodes is not
compatible with the CMOS process, requires additional steps that can cause increased
costs, and cannot be integrated into mainstream CMOS integrated circuits. As CMOS
technology grows, diode-connected transistors are gradually replacing Schottky diodes;
however, the V1 of diode-connected transistors is still higher than that of Schottky diodes.
To address these problems, a series of compensation techniques have been proposed. Static
Vrh compensation techniques were proposed, to reduce forward losses, and to lower the
forward on-resistance to obtain better forward bias; however, a too-low V1 will cause
larger reverse leakage current. Active compensation techniques have been introduced, to
reduce Vryy for forward bias, and to increase V7 for reverse bias, while reducing forward
and reverse losses [76-78].

As shown in Figure 13, the cross-coupled differential drive rectifier (CCDR) topology
is similar to the cross-coupled design of the CP, except that in the rectifier form there is no
clock, but instead a differential-mode signal. The CCDR can reduce the ON resistance in
forward bias and the leakage current in reverse bias, and has been widely used because of
its low-voltage and auto-switching characteristics: however, large leakage currents are still
generated, due to the simultaneous conduction of PMOS and NMOS during the transition
phase, which can lead to a narrow-peak PCE, even though the cross-coupled configuration
has higher PCE, compared to the Dickson structure.
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Figure 13. Cross-coupled differential drive rectifier (CCDR) [74].
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To widen the operating range of RF-DC converters, reducing leakage current is the
key. A self-biasing scheme was proposed in [79], to limit reverse leakage at high-input
power levels, which improved the input power range by more than 50%, compared to the
conventional cross-coupled rectifier: however, the minimum input RF signal still faced the
limiting of the V7p. To compensate the Vry, Gharehbaghi et al. presented a self-calibration
technique in UHF rectifiers, while avoiding an efficiency drop due to the wireless power
variation [80]: this technique achieved near-constant PCE values under varying conditions,
but the maximum PCE was only 34%.

In addition, Khan et al. have combined two rectifiers, and have proposed a reconfig-
urable power converter using dual path, as shown in Figure 14, switching the series path
at low power and the parallel path at high power, to thus maintain high PCE over a wide
input power range [81].
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Figure 14. The reconfigurable RF-DC power converter.

5.2. Maximum Power Extraction

Due to the nonlinearity of the rectifier in RF systems, extracting the maximum power
from the RF energy can be done using an adaptive impedance matching network method,
which can be used to compensate for variations in the input power or load [82], as shown
in Figure 15a.
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Figure 15. MPPT for RF-DC: (a) with adaptive matching network; (b) with cascaded boost converter
for adaptive load control [30].

For systems that use the Dickson rectifier, the impedance of the rectifier can be matched
to the load by varying the number of the rectifier’s stages—namely, the reconfigurable
method [83]. If the RF-DC rectifier is followed by a DC-DC converter, the energy transfer
can also be maximized by the MPPT method of the DC-DC converter [84], as shown in
Figure 15b.

6. Multi-Source Energy Harvesting

To enhance system reliability, energy harvesting systems employing the cooperative
collection of multiple energy sources are being increasingly studied.

6.1. DC-AC Hybrid Energy Source Acquisition

The block diagram of a conventional multi-energy harvesting system is shown in
Figure 16. All the energy enters the combiner after a single conversion. In addition, the role
of an optional DC-DC converter after the combiner is to adjust the output voltage needed
by the load.

AC - DC Without Combined
é\/) 1] RECT
(20% - 75%) ;’ ___________________
— 49l COMB DC - DC |

Pyc

| DC-DC |=*>

I pe—~80% | e

—
PDC

1lcoms~80%

Figure 16. Conventional combiner system structure with mixed AC and DC harvesting.

Combiners and DC-DC converters typically achieve conversion efficiencies higher
than 80%, whereas AC— DC converters have efficiencies distributed between 20% and 75%,
which are strongly influenced by the input power level and load conditions; the system
efficiency is greatly impacted by the rectifier [30].
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Liu et al. have proposed a new power combining method, where the AC-DC converter
is used as a combiner, and the AC energy is converted only once before it reaches the
load [30]. The PCE is improved by combining the energy in the rectification stage, as shown
in Figure 17. After combining the functions of the AC-DC converter and the combiner, the
system efficiency can reach more than 60%.
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Figure 17. Improved mixed AC and DC harvesting system.

6.2. Architecture of the Combiner

The simplest combined energy structure is shown in Figure 18a, where each energy
source is connected to the DC-DC converter through a diode [85,86]: this approach provides
a highly modular solution, and allows arbitrary expansion of the input. The drawback is
that only the highest energy source can be captured, and the energy from the other ports will
be wasted. Another point is that the voltage drop of the diode is also an important factor
limiting the efficiency. As in Figure 18b, the use of switches instead of diodes in [35,87]
reduces conduction losses, but other issues are not addressed.
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Figure 18. Architecture of energy combining (a) diode-connected, (b) switch-connected.

The switched-inductor converter structure can be used in combiners, to enable si-
multaneous multi-source acquisition. A single-inductor multiple-input multiple-output
(SIMIMO) converter, with four harvesters, one battery input, and three outputs of 1.8V,
3.3V, and one battery, respectively, is proposed in [88] for the MPPT operation, and multi-
ple inputs can be acquired simultaneously. The structure of the inductor-based combiner is
shown in Figure 19a.
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Figure 19. Architecture of energy combining (a) inductor-based, (b) capac1tor—based.
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The capacitor-based structure shown in Figure 19b allows for superior integration per-
formance compared to inductor-based. Estrada-Lopez et al. use capacitor-based structure
to achieve energy harvesting from a maximum of two input sources with full integration
and maximum power output [31]; in addition, the inputs are sorted according to power
level, making it possible to automatically select the two inputs with the highest power to
be stored.

7. Future Directions and Recommendations

Due to the high energy density and the most mature technology, solar energy is the
most widely used. In the design, it is necessary to address the influencing factors that will
reduce the system efficiency, such as partial shadows and environmental changes, while
finding the balance of system power consumption and MPPT tracking accuracy. Thermal
energy harvesting is so low in energy density that the circuit needs to consider self-starting
issues and losses in the energy path to be minimized. With respect to DC-DC, the charge
pump structure is a promising approach. Based on the charge pump, gate biasing and
body biasing focus on lowering the threshold voltage, thus reducing the leakage current,
and thereby increasing the efficiency or decreasing the supply voltage, etc. The additional
clocking and auxiliary circuitry required to solve these problems increase the overall power
consumption of the circuit. The cross-coupled structure can integrate gate bias and body
bias techniques to further improve circuit performance, and the advantage of clock boost
is the reduction in rise time. Overall, the peak efficiency of the DC-DC converter can
reach over 80%. Owing to its high energy density, piezoelectric energy has become the
most widely used micro energy, after solar energy, in energy harvesting systems. The
efficiency of piezoelectric rectification circuits is extensively measured by the MOPIR;
various circuits based on FBR improvements—mainly active rectifier and inductor-based
and capacitor-based—have shown in the literature that the MOPIR can reach more than 9.
The SSHI is extensively used as a nonlinear method to offset the internal capacitance of the
piezoelectric transducer. The advantage of the SSHC is the small area occupied and the
possibility of integration. Piezoelectric energy harvesting also requires attention to the effect
of different loads on the circuit efficiency. In contrast to other piezoelectric rectification
methods, the efficiency of the SECE does not depend on the load. In addition, the design
of the piezoelectric energy harvesting circuit also needs to consider the MPPT issue. RF
energy input power is weak, and vulnerable to the influence of transmitter distance. The
problem of generally narrow peak efficiency also needs to be solved. RF rectification is
usually optimized in the CCDR structure, and the peak efficiency can reach more than 75%.
Multiple energy co-acquisition is an essential solution for practical application, which needs
to be selected with the specific application scenario for suitable micro energy, combined
with MPPT technology for energy classification and combination.

Among the MPPT methods applicable to low-power energy harvesting, the P&O
method relies on voltage, current sensors, and digital control units. The higher accu-
racy comes at the cost of higher power consumption. Although FOCV has lower power
consumption, it inevitably generates losses during circuit disconnection, and the tracking ac-
curacy is not very high. The recent NN method is only used in high-power systems such as
solar energy harvesting, due to slow convergence and high power consumption—however,
it has high adaptability to energy sources. To sum up, the more complex but highly accurate
MPPT method is suitable for systems with high power levels (mW range), while for systems
with low power (uW level), a simple MPPT method with sufficient accuracy may be one of
the best implementation options.

WSNs are in sleep mode more than 99% of the time, so their average power consump-
tion is about a few tens of uW, or even less; therefore, when placed in harsh environments,
energy management circuits that can efficiently harvest energy from less than 15 uW of
ambient energy to power sensors are effective [89]. The miniaturization and off-grid nature
of WSN nodes also imposes size requirements on energy management systems. Therefore,
the main challenges in the ultra-low-power energy harvesting design scenario include PCE

158



Micromachines 2022, 13, 2222

and the circuit size. Reducing the starting voltage is an important means of improving
efficiency: the lower the start-up voltage, the more energy can be captured; the higher the
efficiency, the more residual energy can be transferred to the load. MPPT is an important
way to improve PCE. In the future, it may be possible to allow more complex but effective
control methods to be applied to energy harvesting technologies, by optimizing structure
and efficiency.

8. Conclusions

This review paper presents a number of schemes for low-power, low-voltage circuits
for micro energy harvesting, which indicates that the goal of harvesting ambient energy to
supply IoT nodes has been fully developed: however, there are still many challenges to be
solved in practical applications. This paper describes the characteristics of the four types of
energy, as well as the circuit components, in detail; combined energy, as a method to ensure
system reliability, is also presented. Efficiency and circuit size constrain the development
of micro energy harvesting: improved efficiency can be achieved by more accurate control
circuits and smaller losses; to make the circuit size smaller and easier to integrate on-chip,
capacitor-based solutions are more promising than inductors.
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